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ANNEXE 1   

Article
Mineralogical and crystal-chemical characterization of the talc ore
deposit of Minzanzala, Gabon
M. Poirier1*, J.E. Boulingui2,3, F. Martin1, M. Mbina Mounguengui4, C. Nkoumbou5, F.Q1 Thomas3, M. Cathelineau6
and J.Q2 Yvon5
1Laboratoire Géosciences Environnement Toulouse UMR 5563, UPS-CNRS-IRD-CNES, ERT 1074 ‘Géomatériaux’, 14 Avenue Edouard Belin, 31400 Toulouse, France;
2Laboratoire des Sciences de la Vie et de la Terre, Ecole Normale Supérieure, B.P. 17009 Libreville, Gabon; 3Laboratoire Interdisciplinaire des Environnements
Continentaux UMR CNRS7360, Université de Lorraine, 15 Avenue du Charmois, B.P. 40, 54501 Vandoeuvre-lès-Nancy, France; 4Faculté des Sciences de l’Université
des Sciences et Techniques de Masuku, USTM B.P. 943 Franceville, Gabon; 5Département des Sciences de la Terre, Université de Yaoundé I, Faculté des Sciences, B.P.
812 Yaoundé, Cameroon and 6Laboratoire GeoRessources UMR CNRS7359, Université de Lorraine, Rue du Doyen Roubault B.P. 40, 54501 Vandoeuvre-lès-Nancy,
France
Abstract
This research aims to characterize the mineralogical and crystal-chemical purity of two samples of natural talc (BTT6, BTT7) from the
occurrence ‘Ecole1’ in the deposit of Minzanzala, southwest Gabon. X-ray diffraction and modal composition calculations demonstrated
the presence of quartz and Al–Fe-bearing phases (kaolinite and/or chlorite and/or Al–Fe oxyhydroxides) as accessory minerals in
both ores. In contrast, the chemical and spectroscopic characterizations of the talc component revealed remarkable chemical purity
expressed by very low Fe contents. According to these results, the talc of Minzanzala might be used as a filler in a wide range of industrial
applications, such as in cosmetics, paints, polymers or ceramics.
Keywords: crystal-chemistry, Gabon, mineralogy, talc, Tchibanga
(Received 11 July 2018; accepted 18 April 2019; Accepted Manuscript online: ???; Version of Record online: ???; Associate Editor: Lawrence
Warr)
Talc is a magnesium sheet silicate that is valued for its low price,
lamellar structure, softness, biocompatibility, thermal stability
and chemical inertness, making it a material of choice for many
industrial applications (Dumas, 2013). Talc is largely used as a filler
in paper factories (Chauhan & Bhardwaj, 2017) and ceramics
(Chandra et al., 2004), as a thickener or viscosity enhancer in paints
and coatings (Tothill et al., 1993), as a stabilizer in polymers (Kocic
et al., 2012), as an additive in agri-food (Mallet et al., 2005) and
cosmetics (Zazenski et al., 1995; López-Galindo et al., 2007;
Carretero & Pozo, 2010) and as a pleurodesis agent in medicine
(Viallat & Boutin, 1998; Maskell et al., 2004).
In 1948, prospecting campaigns led to the discovery of steatite, a
rock mainly composed of talc, near the city of Tchibanga in the
southwest Gabon (Lissoulour & Barras, 1948). Thereafter, large
volumes of talc were discovered in the same region all around the
Nyanga syncline (Bellivier, 1977; Boutin, 1985; Boutin et al., 2001;
Martini & Makanga, 2001). It remains to be determined whether
these deposits might be exploited in future. In order to answer this
question, one approach consists of determining the commercial
quality of this talc. To this end, the following questions need to be
answered: (1) What kinds of minerals are associated with the talc
crystals and in what proportions (in order to determine whether
mining of the talc deposit is commercially viable)? (2) What is the
chemical composition of the talcmineral itself (in order to determine
whether or not chemical substitutions in the crystal lattice are pre-
sent)? The answers to these questions are indeed essential to deter-
mining the potential industrial application domains of the present
ore (Dumas et al., 2015). For example, a talc containing some Al,
Fe or Ca due to the presence of hydrophilic minerals (chlorite and
carbonates) will be used preferably in polar media, whereas a chem-
ically purer talc is more hydrophobic and can be used in non-polar
media as polyolefins or in cordierite-based ceramics.
This research aims to characterize the mineralogy and crystal-
chemistry of the talc ore of the Minzanzala area in the southwest
part of the Nyanga syncline, Gabon. Its characterization will
permit the investigation of its potential applications.
Geological setting
The talc ore deposit of Minzanzala is located in southwest Gabon,
near the city of Tchibanga (latitude 02°90′487′′S, longitude
10°99′161′′E). It is part of the large Nyanga syncline, which cor-
responds to the northern extremity of a Precambrian sedimentary
basin extending from Angola to Gabon. The talc mineralization is
included in the upper part of a calc-schist formation and is
covered by a lateritic layer that is >600 km long and from one
to several kilometres wide (Fig. 1).
Sampling
Two different talc samples were recovered from the slopes of
Minzanzala in a massive outcrop made of fine sands and clays
*E-mail: mathilde.l.poirier@gmail.com
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(Fig. 2). The outcrop was stripped with a hand shovel to obtain an
unaltered surface. This surface had white to yellowish colouration,
and two blocks were extracted in the core of these zones to collect
the samples. They are referred to as BTT6 (yellowish) and BTT7
(whitish). The samples were then crushed, ground and sieved to
three powder fractions (<50, <250 and <500 μm).
Another natural talc, called talc of Luzenac, coming from the
French quarry of Trimouns in the Pyrenees, was used as a com-
parative sample (Imerys talc donation). This talc was received as
a finely ground white powder and was selected for its high crystal
order and low Fe content (0.68 wt.% Fe2O3; Martin et al., 2006).
Methods
X-ray diffraction (XRD) analysis was performed on random talc
powders at the LIEC Q4laboratory of Nancy (France) with a
Jobin-Yvon Sigma 2080 diffractometer using Co-Kα1 radiation
(λ = 1.789 Å). The fraction finer than 250 μm was selected for
the analysis. The XRD traces were recorded over the 0–60°2θ
range, with a step size of 0.034608°2θ and a count time per step
of 0.32 s. Indexation of the XRD peaks was performed with the
‘Powder Diffraction File’ available from the International Center
for Diffraction Data (ICDD) website. The XRD measurements
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Fig. 1. (a) Location of the study area. (b) Geological
map showing the Minzanzala talc deposit.
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were also performed on a finer size fraction to avoid a preferential
orientation of the talc particles, which might mask mineral
impurities in the samples. The initial powders (<500 μm) were
ground to 40 μm for BTT6 and 20 μm for BTT7 for 90 min at
25 Hz, using a MM200 mixer mill. The particle size was con-
trolled by laser diffraction using a Beckman Coulter LS100Q
device and the LS32 software. Four measurements were registered
and averaged for each sample. The XRD traces of the finely
ground samples were recorded at the GETQ5 laboratory of
Toulouse (France) with a Bruker D2 Phaser diffractometer oper-
ating using Cu-Kα1+2 radiation over the 0–80°2θ range, with a
step size of 0.02°2θ and a count time per step of 0.5 s.
Modal composition calculations were performed in order to
determine the percentage of each phase in both samples. These
calculations are based on the mineralogy obtained by XRD and
on the whole-rock chemical analysis. On this basis, the modal
compositions of the samples may be calculated by using the mul-
tilinear method described by Njopwouo (1984) and Yvon et al.
(1990) by means of the following formula:
T(a) =
∑n
1
Mi× Pi(a)
Where T(a) represents the content (%) of the chemical elem-
ent ‘a’ in the rock; Mi represents the content (%) of the mineral ‘i’
in the rock and Pi(a) represents the proportion of the element ‘a’
in the mineral ‘i’. Only theoretical mineral compositions were
used for the calculations, as the chemical compositions of each
phase were not available. MgO was assigned to talc (major
phase), the remaining SiO2 was assigned to quartz (second
major phase) and the low amounts of Al2O3 and FeO were allo-
cated to Al–Fe-bearing phases (kaolinite, chlorite, Al–Fe oxyhydr-
oxides). The MgO and SiO2 contents of talc and quartz were
adjusted accordingly. Kaolinite, chlorite and Al–Fe oxyhydroxides
were included in the same ‘Al–Fe-bearing phases’ group because
of the limitations of XRD in terms of separating these phases.
Whole-rock chemical analysis was performed at the CRPG
Q6 laboratory of Nancy (France) to quantify the major and trace
elements in the finer fraction of the samples (<250 μm). The
preparation involved alkali fusion followed by HNO3 acid etching
to dissolve the obtained glass. The major elements were quantified
with an inductively coupled plasma atomic emission spectrometer
coupled with a Jobin-Yvon 70-P quantometer and trace elements
were determined by an inductively coupled plasma mass spec-
trometer coupled with a Perkin Elmer Elan 500 instrument Q7.
Quantitative chemical analyses were performed on the talc
particles (<500 μm fraction) using a CAMECA SXFive micro-
probe at the Centre de MicroCaractérisation Raimond Castaing
of Toulouse (France) with a 15 kV acceleration voltage, a 10 nA
sample current and a defocused beam with a diameter of 2 μm.
Talc powders were compressed into pellets with a hand-operated
press and their structural formula was calculated based on 22 oxy-
gen atoms. Natural and synthetic minerals were used as standards
for calibration (Si: wollastonite; Mg: periclase; Fe: hematite; Al:
corundum; Cl: tugtupite; Na: albite; Ca: wollastonite; F: topaz).
The Si occupancy was systematically higher than the ideal 8,
possibly because of the layer structure of talc coupled with the
enrichment in Si during the analysis due to the migration of
other elements (Müller et al., 2005). This explanation was
favoured because the analyses were only focused on large talc
platelets, excluding the presence of quartz admixtures.
Near-infrared (NIR) spectroscopy was performed on talc
powders using a Thermo Nicolet Fourier-transform infrared spec-
trometer (ICT Q8laboratory, University of Toulouse) equipped with
a smart NIR integrating sphere (IngaAs detector). Diffuse reflec-
tion spectra were recorded between 4000 and 10,000 cm–1 at a
resolution of 4 cm–1 with 32 scans. The <500 μm fraction was
ground in an agate mortar and the powders were placed without
further treatment.
29Si and 1H solid-state nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance III 400 NMR spec-
trometer at the LCC Q9laboratory of Toulouse (France). All of the
samples were spun at 8 kHz at the magic angle using ZrO2 rotors.
For 29Si magic angle spinning (MAS) NMR experiments, a 4 mm
probe was used operating at 79.39 MHz. The spectra were
recorded under high-power proton decoupling conditions using
a small flip angle of 30° and a long recycle delay of 60 s. For
the 1H MAS-NMR experiments, a 4 mm probe was employed
operating at 399.60 MHz. The spectra were obtained using a
small flip angle of 30° and a recycle delay of 5 s. All of the chem-
ical shifts were referenced externally to tetramethylsilane.
Scanning electron microscopy (SEM) was performed in the
SCMEM Q10department of Nancy (France) using a Hitashi FEG
S-4800 apparatus equipped with an energy-dispersive spectrom-
eter (Si-Li Thermo-Noran equipment) and a backscattered elec-
tron detector. The SEM images were recorded on carbon-coated
<50 μm fractions using a 15 kV acceleration voltage. Double-
faced graphited tape was used as an adhesive.
Colorimetric measurement analyses were recorded on the <500
μm fraction with a Minolta 3700d spectrocolorimeter (Imerys,
Toulouse, France). A D65 light source was used with an incidence
angle of 10°. The three parameters L* (luminance on a scale of
0–100), a* (on a scale of redness to greenness) and b* (on a
scale of yellowness to blueness) were determined based on X, Y
and Z tristimulus values (Billmeyer & Saltzman, 1981; Christidis
& Scott, 1997).
Results
Morphological characterization
The SEM images of BTT6 and BTT7 are presented in Fig. 3. The
talc particles present a characteristic lamellar shape with particle
sizes >100 μm. The lamellar morphology allows particle stacking
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Fig. 2. View of the outcrop.
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along the c* axis through Van der Waals interactions (Alcover &
Giese, 1986). This weak packing cohesion leads to partial exfoli-
ation favouring delamination under grinding (Fig. 3a).
Mineralogical characterization
X-ray diffraction.
The XRD traces of the BTT samples are shown in Fig. 4a
(Boulingui, 2015). Talc is present in the samples, with main typ-
ical basal d-spacings at 9.32 Å (001), 4.68 Å (002) and 3.12 Å
(003) (Brindley & Brown, 1980). Quartz is also present in both
samples, being more abundant in BTT6 compared to BTT7
based on the intensity of the diffraction lines. Finally, two small
peaks at 13.09 and 7.18 Å reveal traces of chlorite and/or kaoli-
nite, respectively. For chlorite, the 13.09 Å d-spacing may indicate
the presence of Fe and other substitutions in the lattice (Brindley
& Gillery, 1956), but the presence of Al–Fe oxyhydroxide
interlayers is not excluded either. The identification of the
Al–Fe-bearing phases is ambiguous because of their very small
proportion in the samples. The BTT6 and BTT7 samples were
ground to ∼40 and ∼20 μm, respectively, with a mixer mill to
avoid orientation effects and to intensify the signals of the
accessory minerals.
The particle size distribution and XRD results are presented in
Fig. 5a,b. The two samples contain comparable amounts of
quartz. The bulk mineralogy remains unchanged, with the sam-
ples containing talc, quartz and traces of Al–Fe-bearing phases.
The identification of the Al–Fe-bearing phases remained complex
after grinding because the main diffraction maxima of these
phases did not increase. Although the peak at 13.09 Å disap-
peared after excessive grinding, the samples contain chlorite
because the (002) reflection occurs at the same position as the
(001) reflection of kaolinite (7.19 Å). It is suggested that the
Al–Fe-bearing phase may be kaolinite, chlorite, Al–Fe oxyhydrox-
ides and/or interstratified phase. The extremely low proportion of
these phases makes it difficult to conclusively identify them.
The analysis of the full width at half maximum (FWHM) of
the talc diffraction lines enabled estimation of crystal size from
the coherent scattering thickness of the talc particles along the
c* axis of the two samples with the Scherrer equation (Scherrer,
1918). BTT6 and BTT7 are composed of 136 and 128 stacked
layers, respectively, crystallized perfectly along the c* direction
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Fig. 3. SEM images of (a) BTT6 and (b) BTT7.
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Fig. 4. (a) XRD patterns of BTT6 and BTT7 of the coarse fraction (<250 μm; T = talc; Q = quartz; K = kaolinite; C = chlorite). (b) Crystal size thickness (CST) of the BTT
samples compared to the natural talc of Luzenac (TL) and a synthetic talc (ST).
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(Fig. 4b). These values correspond to a talc of intermediate crystal
order in comparison with a well-crystallized natural talc (247
stacked layers, Trimouns quarry, Luzenac, France) or a poorly
crystallized synthetic talc (10 stacked layers; Dumas et al., 2016).
Weight content calculations.
Modal compositions enabled the establishment of the percentage
of each phase in the samples (Yvon et al., 1990). The method has
been used extensively in the past (Njoya et al., 2006; Nkoumbou
et al., 2006; Boulingui et al., 2015). Sample BTT7 is very pure
mineralogically as it contains 90.0 wt.% talc, with minor quartz
(7.9 wt.%) and trace Al–Fe-bearing phases (1.3 wt.%) (Table 1).
Sample BTT6 contains only 66.0 wt.% of talc with a higher pro-
portion of quartz (29.0 wt.%) and Al–Fe-bearing phases (4.0
wt.%). This outcome should be correlated generally to the XRD
results, but some variations may exist because of some experimen-
tal factors, such as the mineralogy of the analysed fraction or the
mineral orientation during the XRD analysis.
Chemical characterization
Whole-rock chemical analysis.
The whole-rock chemical results are in good agreement with the
XRD data (Table 2). Indeed, BTT6 and BTT7 exhibit an excess of
SiO2 related to the presence of quartz in both samples. Sample
BTT6 is richer in SiO2, in accord with the greater amount of
quartz in the sample. The samples also contain small amounts
of Al2O3 (<1 wt.%; Table 2) and traces of Fe2O3 related to the
trace presence of Al–Fe-bearing phases in the samples. The
SiO2/MgO ratio of BTT7 is very close to the theoretical compos-
ition of talc (Ersoy et al., 2013). This highlights the greater min-
eralogical purity of this sample compared to BTT6. Finally, the
values obtained for trace elements (Table 3) show high propor-
tions of lithophile (Ce), chalcophile (Zn) and siderophile elements
(Cr, V).
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Fig. 5. (a) XRD patterns (T = talc; Q = quartz; K = kaolinite; C = chlorite) and (b) particle-size distribution recorded on the fine fractions of BTT6 and BTT7.
Table 1. Modal composition of the BTT samples (Njopwouo, 1984; Boulingui, 2015).
Sample Minerals Theoretical chemical formula Mass content (%) Total (%)
BTT6 Talc Si4Mg3O10(OH)2 66.2 99.5
Quartz SiO2 29.3
Kaolinite, chlorite and/or Al–Fe oxyhydroxides Al2Si2O5(OH)4 Mg(Fe)5Al2Si3O10(OH)8
FeO(OH), AlO(OH)
4.0
Others 0.5
BTT7 Talc Si4Mg3O10(OH)2 89.2 98.4
Quartz SiO2 7.9
Kaolinite, chlorite and/or Al–Fe oxyhydroxides Al2Si2O5(OH)4 Mg(Fe)5Al2Si3O10(OH)8
FeO(OH), AlO(OH) 1.3
Others 1.6
Table 2. Bulk chemical composition (wt.%) of the BTT samples (major
elements).
Compound BTT6 BTT7 Theoretical value for a pure talc
SiO2 72.59 64.93 63.5
Al2O3 0.77 0.34 0
Fe2O3 0.20 0.05 0
MnO 0.00 0.00 0
MgO 21.80 28.65 31.7
CaO 0.04 <LD 0
Na2O 0.08 0.11 0
K2O 0.01 0.01 0
TiO2 0.03 <LD 0
P2O5 <LD <LD 0
L.O.I. 4.33 5.17 4.8
Total 99.85 99.25 100
<LD = below limit of detection; LOI = loss on ignition at 1050°C.
Clay MineralsQ3 5
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
Talc crystal chemistry.
Microprobe analyses on the pressed powder pellets of samples
BTT6 and BTT7 (Table 4) showed that the SiO2/MgO wt.% ratios
(R) were 2.22 and 2.09 in BTT6 and BTT7, respectively, with the
latter being very close to R = 2.00 (i.e. the theoretical talc compos-
ition; Ersoy et al., 2013). Therefore, the microprobe analysis
recorded the chemical composition of the talc particles rather
than the bulk composition due to the preferential orientation of
the talc particles along their ab plane, concealing at the same
time the mineral impurities present in lower quantities in the
samples. Moreover, all of the measurements were focused on
large talc particles in order to avoid the analysis of accessory
minerals. On this basis, it is reasonable to assume that the remain-
ing metal oxides recorded in the analysis (e.g. Fe2O3) originate
from the talc crystal lattice rather than from impurities (Al–
Fe-bearing phases). Indeed, Fe atoms may substitute for Si or
Mg atoms located in the tetrahedral and octahedral sheets of
sheet silicates (Martin et al., 1999). This was particularly demon-
strated by Petit et al. (2004), who revealed the presence of Fe
substitutions in the crystal lattices of 15 natural talcs. Among
them, the talc of Luzenac, which corresponds to our natural talc
of reference, contains 0.68 wt.% Fe2O3 in its crystal lattice. This
amount is much greater than those obtained in the talcs from
Gabon (0.16 wt.% for BTT6 and 0.04 wt.% for BTT7). Hence,
the talcs of Minzanzala are chemically very pure despite their
association with other mineral impurities in the samples.
In addition, F is present in relatively high proportions in the
two talc samples (1.41 wt.% in BTT6 and 1.44 wt.% in BTT7).
This F content is quite important compared to other talc samples Q11
coming from various provinces in the world (Petit et al., 2004),
and its presence is characteristic of natural environments in
which the F atoms can substitute for the OH groups, pointing
towards the hexagonal cavities of Si tetrahedra (Ross & Smith,
1968; Abercrombie et al., 1987). We can be confident that this
F is not derived from other mineral phases because the micro-
probe analysis was specifically focused on large talc platelets, as
noted above.
Crystal-chemical characterization
Talc particles.
The 29Si and 1H NMR spectra enabled the evaluation of the
crystal-chemistry of the two talc samples and permitted the deter-
mination of the possible presence of Fe substitutions in the crystal
lattice by measuring the FWHM of the main NMR peaks. A talc
with large amounts of Fe substitutions exhibits wide peaks in the
1H and 29Si MAS-NMR spectra, whereas a chemically very pure
talc will exhibit narrow peaks (Martin et al., 2006).
In our case, the 29Si MAS-NMR spectra of BTT6 and BTT7 are
composed of a symmetrical narrow peak at approximately –98
ppm, attributed to Q3 species (Lippmaa et al., 1980) (Fig. 6a),
which indicates that the samples are very pure chemically. This
assumption was validated by comparing their spectra with that
of the talc of Luzenac, which contains more Fe substitutions.
The differences in the FWHM between the three samples clearly
demonstrate the chemical purity of the talcs of Minzanzala
Table 3. Bulk minor and trace elemental composition (ppm) of the BTT
samples.
Element BTT6 BTT7
As <LD <LD
Ba 3.935 2.783
Be <LD <LD
Bi <LD <LD
Cd <LD <LD
Ce 8.950 0.370
Co 0.351 0.218
Cr 20.420 13.440
Cs <LD <LD
Cu <LD <LD
Dy 0.590 0.319
Er 0.302 0.207
Eu 0.186 0.076
Ga 0.954 0.209
Gd 0.776 0.333
Ge <LD <LD
Hf 0.148 0.053
Ho 0.111 0.070
In <LD <LD
La 5.751 0.952
Lu 0.044 0.039
Mo <LD <LD
Nb 0.482 0.140
Nd 5.658 1.535
Ni <LD <LD
Pb 1.784 <LD
Pr 1.425 0.331
Rb 0.410 <LD
Sc 1.230 <LD
Sb <LD <LD
Sm 1.008 0.364
Sn <LD <LD
Sr <LD <LD
Ta 0.042 0.010
Tb 0.107 0.051
Th 0.486 0.153
Tm 0.046 0.032
U 0.307 0.159
V 8.921 6.641
W 0.520 0.363
Y 3.242 1.929
Yb 0.291 0.235
Zn 11.370 <LD
Zr 5.691 2.010
<LD = below limit of detection.
Table 4. Microprobe analyses and structural formulae of the talc particles.
Compound BTT6 BTT7 Theoretical value
wt.%
SiO2 64.72 64.00 63.5
Na2O 0.09 0.09
Al2O3 0.97 0.23
Fe2O3 0.16 0.04
CaO 0.01 –0.01
MgO 29.13 30.62 31.7
Cl 0.01 0.01
F 1.41 1.44
H2O 4.01 3.98 4.8
O = F, Cl 0.60 0.61
Total 99.89 99.79 100
Structural formulae of talc based on 22 oxygen equivalents
Si 8.22 8.16 8.00
Na 0.02 0.02
Al 0.15 0.03
Fe 0.02 0.01
Ca 0.00 0.00
Mg 5.58 5.89 6.00
Cl 0.00 0.00
F 0.57 0.59
OH 3.42 3.43 4.00
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(Fig. 6b), which is in full agreement with the microprobe analysis.
Martin et al. (2006) have demonstrated that the position of this
same peak can be correlated to the amount of Fe2O3 present in
the sample. Projection of the –98 ppm position in a correlation
line (Fig. 7) shows that the two samples have very low Fe2O3 con-
tents (∼0.1 wt.%), which is also in agreement with the microprobe
results. The 29Si MAS-NMR spectra also provided evidence of a
potential small fraction of nano-sized talc particles in the samples
located at –95 ppm. This resonance has been attributed to nano-
sized synthetic talc particles (Dumas et al., 2016) rather than
quartz, kaolinite or chlorite because their 29Si chemical shifts
are located elsewhere (–108 ppm for quartz; –91 ppm for kaolinite
and chlorite).
The chemical purity of BTT6 and BTT7 was also confirmed by
the 1H MAS-NMR spectra (Fig. 8a). The samples display a major
symmetrical peak at 0.8 ppm corresponding to H atoms located
within the hexagonal cavities of the talc structure (Martin et al.,
2006). The narrowness of this peak indicates that the talcs are
chemically very pure, otherwise their FWHM would be greater.
The comparison of the 1H NMR spectra of BTT6 and BTT7
with the talc of Luzenac (rich in Fe substitutions) confirmed
once again the chemical purity of the Gabonese talc (Fig. 8b).
Finally, the presence of the smaller peak at 4.7 ppm in the
1H MAS-NMR spectra of the two samples demonstrates the pres-
ence of residual physisorbed water on the talc particle edges
(Dumas et al., 2013).
The NIR spectra of BTT6 and BTT7 are shown in Fig. 9a. Low
contents of Fe substitutions yield bands at 7156 cm–1
(2ʋMg2FeOH), 7118 cm
–1 (2ʋMgFe2OH) and 7073 cm
–1
(2ʋFe3OH) (Petit et al., 2004). In the present study, these bands
are absent from the NIR spectra, corroborating the very good
chemical purity of the talcs (Fig. 9b), which is in agreement
with the previous microprobe and MAS-NMR results. The band
at 5240 cm–1 (Fig. 9a) confirms the presence of physisorbed
water on the talc particle edges (Dumas et al., 2013). In summary,
the NIR spectra of the Minzanzala talcs show the typical vibration
bands of a very pure talc structure, with major bands located at
7184 cm–1 for the 2ʋMg3OH vibration and at 4051, 4180, 4323
and 4367 cm–1 for the OH combination bands (Zhang et al.,
2006).
Evidence for accessory minerals.
The presence of accessory minerals was examined by 29Si
MAS-NMR and NIR spectroscopies (Figs 6a, 9b). The peak of
low intensity at –91 ppm in the 29Si MAS-NMR spectra indicates
the presence of kaolinite and/or chlorite in the two samples
(Massiot et al., 1995; Zazzi et al., 2006). This observation is sup-
ported by the weak band at 7065 cm–1 in the NIR spectra, attrib-
uted to the 2ʋAl2OH vibration of kaolinite (Petit et al., 1999). In
addition, the band at 4525 cm–1 corresponds to the combination
of the 2δAl2OH and 2ʋAl2OH vibrations of kaolinite and/or
chlorite (Yang et al., 2018). The presence of chlorite might be
verified by the presence of two diagnostic bands at 4280 and
4440 cm–1. In the present study, these bands are absent, suggest-
ing that chlorite might not exist in the Minzanzala samples.
Nevertheless, the presence of chlorite should not be excluded,
because of the existence of the peak at 13.09 Å in the XRD traces.
Obviously, the Minzanzala talc samples do contain some traces of
kaolinite, but the presence of chlorite is questionable and may
vary from one sample to another.
Fi
g.
6
-
Co
lo
ur
on
lin
e,
Co
lo
ur
in
pr
in
t
Fig. 6. (a) Solid-state 29Si MAS-NMR spectra of BTT6 and BTT7 (T = talc; Q = quartz; K = kaolinite; C = chlorite) and (b) comparison with the natural talc of Luzenac (TL).
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Fig. 7. Chemical shift (δ) versus Fe2O3 diagram, allowing the estimation of the Fe2O3
content of the BTT samples (according to the correlation line of Martin et al., 2006).
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The presence of quartz was indicated by a thin peak at –108
ppm on the 29Si MAS-NMR spectra of the two samples.
Comparison of the peak areas in BTT6 and BTT7 confirms that
BTT6 is richer in accessory minerals (quartz, Al–Fe-bearing
phases) than BTT7.
Colour properties
Table 5 lists the colour properties of the two Gabonese talcs. The
talcs are white (high L* values) with a low red hue (a* parameter).
They nevertheless present a yellowish hue according to the higher
b* parameter values. This value is more important for BTT6,
which confirms the observations made with the naked eye. The
colour could be attributed to the presence of accessory chlorite
or to traces of Fe oxyhydroxides.
Potential applications
The remarkable chemical purity of the talc particles combined
with the small percentage of accessory minerals in the deposit
(especially for BTT7) suggest applications in cosmetics. The
cosmetics industry requires talc deposits of very high quality, as
up to 90% should be composed of talc and should be free of
fibrous or asbestos-form minerals (Fiume et al., 2015). The talc
particles should also have very low Pb (<20 ppm) and As contents
(<3 ppm), and they should be free of quartz. When looking at
these specifications (cf. Tables 1, 3), the BTT7 sample satisfies
these requirements except for the presence of quartz in the sam-
ple. Nevertheless, quartz may be easily removed by flotation (use
of pine oil as a frother) or by mechanical processes (i.e. cyclonic
sedimentation). Moreover, if necessary, acid leaching may be used
to remove impurities such as CaO, Fe2O3 or Al2O3 (Barani &
Aghazadeh, 2018). Based on these results, the Minzanzala talc
ore is a potential candidate for supplying cosmetic talc to the
global market.
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Fig. 9. (a) NIR spectra recorded on BTT6 and BTT7 samples (T = talc; K = kaolinite; C = chlorite) and (b) enhancement of the 7000–7400 cm–1 range, confirming the
absence of Fe substitution in the talc crystal lattice.
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Fig. 8. (a) Solid-state 1H MAS-NMR spectra of BTT6 and BTT7Q14 and (b) comparison with the natural talc of Luzenac (TL).
Table 5. Colour properties of the talc samples from Gabon.
Sample L* a* b*
BTT6 90.51 1.05 12.15
BTT7 94.78 0.59 5.65
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In addition, the Gabonese talcs might be used in the ceramic
or paint industries to produce catalytic converters or matte paints
(even if the quartz fraction is not removed). Moreover, they might
be employed as fillers in hydrophobic polymers for enhancing the
mechanical and thermal properties of the composites. In this case,
the particle size should be reduced by milling in order to enhance
the dispersion of the talc particles in the polymers (Yousfi et al.,
2013). In contrast, the Minzanzala talcs may be less appropriate
for the paper and white ceramic industries (primarily BTT6)
because of their yellowish hue and mineral impurities, which
would tarnish the sought-after whiteness of the products.
Conclusions
Two talc samples from the Minzanzala deposit of Gabon were
characterized in order to determine their crystal-chemistry and
mineralogy. The samples contain quartz and Al–Fe-bearing
phase impurities (kaolinite, chlorite and/or Al–Fe oxyhydroxides)
in comparable proportions. However, despite the presence of
impurities, the talc particles have high chemical quality, as was
determined by several analytical methods (microprobe analysis,
1H and 29Si MAS-NMR spectroscopy and NIR spectroscopy)
that provided evidence of a very low Fe content in the talc lattice.
Finally, colour measurements demonstrated a yellowish hue in
both samples, which is probably related to the presence of chlorite
and/or Al–Fe oxyhydroxides. It is suggested that the talc deposit
of Minzanzala may be used in several applications, especially in
the fields of cosmetics, paints, polymers and ceramics (produc-
tion of catalytic converters) due to its high chemical quality.
However, some applications should be avoided (papers and
white ceramics) because of their yellowish hue (especially
BTT6) and the presence of other mineral phases, which might
deteriorate the whiteness of the final product. Finally, special
attention should be paid to the presence of significant amounts
of quartz, which would increase abrasiveness.
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SUPPORTING INFORMATION 
 
S1. SEM images of the nano-sized talc samples with increasing crystallinity. 
S2. DLS size distribution of the series of the nano-sized synthetic talc samples in number. 
S3. Example of deconvolution of a 1H DP MAS-NMR.  
S4. Slab model for the fully hydrated (130) talc edge: (a) side view along ?⃗? axis; (b) top view 
along -𝑏ሬ⃗  axis; (c) front view along -𝑐 axis; (d) perspective view. 
S5. Slab model for the fully hydrated (100) talc edge: (a) side view along ?⃗? axis; (b) top view 
along -𝑏ሬ⃗  axis of the 2x1X1 supercell; (c) front view along -𝑐 axis  of the 2x1X1 supercell; (d) 
perspective view. 
S6. 1H DQ-SQ PC7 spectrum of ST-6H. 
S7. Decompositions of 29Si NMR chemical shifts profiles. 
S8. (a) Variation of the mean talc nanoparticle thickness with synthesis time and (b) variation 
of, the standard deviation of Ln(e) with synthesis time. 
S9. Calculation of the hydrodynamic radius of a talc nanocrystallite at equilibrium morphology 
S10. Example of Log-normal distributions fitting DLS data 
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S1. SEM images of the nano-sized talc samples with increasing crystallinity. 
SEM investigations were performed at the Centre de MicroCaractérisation Raimond Castaing 
of Toulouse (France) on a MEB-FEG JEOL JSM 7800F Prime apparatus equipped with a back-
scattered electron detector. The images were recorded under a 3 kV or 10 kV voltage on carbon-
metallized talc powders. The results evidence lamellar platelets of growing size when the 
duration of synthesis increases (from a dozen of nm for ST-2H to around 1 μm for ST-1M). For 
a fraction of particles, the increase of the synthesis time does not lead to an increase of the 
particle size. This is particularly noticeable in ST-2W and ST-1M where some of the particles 
are large (about 1 μm), while most of them remained blocked at the nano-sized range (around 
100 nm).  
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 S2. DLS size distribution of the series of nano-sized synthetic talc samples. 
This table presents the dispersion data obtained by DLS analysis on the series of synthetic talc 
samples. The corresponding D50 values are reported in Table 1. Short synthesis time samples 
display a homogeneous particle size distribution centered on the D50 value. The distribution 
tends to widen when the synthesis time increases (for example, ST-1M contains synthetic talc 
nanoparticles of about 171 nm (D50) with a size dispersion ranging from 156 nm to almost 2 
μm).  
 
 
  
ST-2H  ST-6H  ST-1D  ST-2W  ST-1M 
Size 
(nm) Number  
Size 
(nm) Number  
Size 
(nm) Number  
Size 
(nm) Number  
Size 
(nm) Number
12.84 0.14  17.74 0.39  37.18 0.82  112.77 0.23  155.87 0.41 
14.08 0.29  20.38 0.2  61.83 0.06  129.55 0.39  170.97 0.31 
14.75 0.07  22.36 0.12  74.39 0.05  163.25 0.04  259.21 0.07 
15.44 0.24  25.68 0.06  85.45 0.03  170.97 0.12  271.48 0.07 
16.17 0.09  26.9 0.05  93.73 0.01  179.07 0.04  392.99 0.11 
17.74 0.09  28.17 0.03  107.68 0.01  187.54 0.06  1982.39 0.01 
18.58 0.04  29.5 0.06     196.41 0.04    
19.46 0.02  30.9 0.03     205.71 0.02    
21.35 0.01  32.36 0.04     247.5 0.01    
22.36 0.01  33.89 0.02     786.29 0.02    
24.52 0.01  37.18 0.01     862.47 0.01    
         946.03 0.01    
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S3. Example of deconvolution of a 1H DP MAS-NMR  
This figure shows the various contributions obtained by deconvolution of the 1H DP MAS-
NMR spectrum of ST-2H within the range of +1.5 ppm to -1.0 ppm. The exact peak positions 
may vary a little from one sample to another.  
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S4. Slab model for the fully hydrated (130) talc edge: (a) side view, (b) top view, (c) front 
view, (d) perspective view. 
This slab includes one TOT layer of width 4 tetrahedra. Atomic positions fully relaxed as a 
result from DFT simulation. The fully hydrated surface is covered by 10 water molecules per 
(130) face of one unit-cell of this slab model, i.e. normal to the slab unit-cell 𝑐 axis, 4 of which 
dissociatively chemisorbed on surface Si atoms, and 6 molecularly chemisorbed on surface Mg 
atoms 
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S5. Slab model for the fully hydrated (100) talc edge: (a) side view, (b) top view, (c) front 
view, (d) perspective view. 
This slab includes one TOT layer of width 3 tetrahedra. Atomic positions fully relaxed as a 
result from DFT simulation. The fully hydrated surface is covered by 5 water molecules per 
(100) face of one unit-cell of this slab model, i.e. normal to the slab unit-cell 𝑐 axis, 2 of which 
dissociatively chemisorbed on surface Si atoms, and 3 molecularly chemisorbed on surface Mg 
atoms. 
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S6. 1H DQ-SQ PC7 spectrum of ST-6H.  
The 1H DQ-SQ PC7 spectrum shows contributions between 1-2 ppm (in the SQ dimension) and 
2-4 ppm (in the DQ dimension) which indicate the presence of silanols groups in very small 
quantity in the ST-6H sample. 
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S7. Decompositions of 29Si NMR chemical shifts profiles 
The figures presented in this section present distribution of NMR signals as function of 29Si 
NMR chemical shift referenced to tetramethylsilane (TMS), in ppm. The experimental signal 
is normalized by its integral. Simulated contributions of the bulk and (001), (130), and (100) 
facets of talc nanocrystals sum up to a simulated normalized signal of integral 1. The 
nomenclature of samples is the same as in main text (e.g. ST-2H: Synthesis Time 2 hours, 6H 
6 hours, 1D 1 day, 2W 2 weeks, 1 M 1 month, 2W-F fines fraction from centrifugation of ST-
2W, 2W-C coarse fraction from centrifugation of ST-2W). 
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S8. Variation of Log-normal talc nanoparticle size distributions parameters with synthesis 
sime. 
Figure S8a. Variation of the mean talc nanoparticle thickness with synthesis time.  
 
Figure S8b. Variation of the log-normal distribution parameter μ with time of synthesis  
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S9. Calculation of the hydrodynamic radius of a talc nanocrystallite at equilibrium 
morphology 
A crystallite of talc at equilibrium morphology in presence of liquid water expresses facets 
(001) , (130) and (100) forming an irregular hexagonal prism as represented on figure 11 of 
main text, reproduced hereafter for convenience: 
Figure 11. Equilibrium morphology of a fully hydrated talc crystallite: (a) view along െ𝑐 axis; 
(b) view along െ?⃗? axis; (c) view along െ𝑏ሬ⃗  axis; (d) perspective view. Color code: facets (001) 
light orange, facets (130) light blue, facets (100) purple; polyhedral T in TOT layers blue, O in 
TOT layer orange, oxygen atoms red, hydrogen atoms light grey. 
 
Its 6 summit angles are equal to 𝜋 3⁄ , and its shape is then fully determined by its thickness 𝑒 
and lengths 𝐿ଵ and 𝐿ଶ of facets (100) and (130) respectively. Thickness 𝑒 can be choosen to fix 
the spatial scale, and lengths 𝐿ଵ  and 𝐿ଶ   at equilibrium morphology at any scale will obey 
equations (13) and (14) of main text, i.e. set in fixed proportions. 
Let us compute the radius of gyration about its center of gravity of such a solid particle 
assumed homogeneous, as function of 𝑒 , 𝐿ଵ , 𝐿ଶ  and density 𝜌 . The following scheme 
summarizes our notations: 
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We compute first the moments of inertia 𝐼௬௭ , 𝐼௭௫, 𝐼௫௬ about planes yz, zx, and xy: 
𝐼௬௭ ൌ 2 ׬ 𝑥ଶ௅మ ୡ୭ୱሺగ ଺ሻ⁄଴ 𝑑𝑚        (SI-1) 
Where: 
𝑑𝑚 ൌ  𝜌𝑒𝑌ሺ𝑥ሻ𝑑𝑥         (SI-2)  
and: 
𝑌ሺ𝑥ሻ ൌ  ቂ𝐿ଵ ൅ 𝐿ଶ ቀ1 െ ଶ௫௅మ√ଷቁቃ       (SI-3) 
Therefore: 
𝐼௬௭ ൌ 2𝜌𝑒 ቂ׬ ሺ𝐿ଵ ൅ 𝐿ଶሻ௅మ√ଷ ଶ⁄଴ 𝑥ଶ𝑑𝑥 െ ଶ√ଷ ׬ 𝑥ଷ𝑑𝑥
௅మ√ଷ ଶ⁄
଴ ቃ    (SI-4)  
X
Z
Y
dy
dx
O
dz
L2
L1
e
Y(x)
X(y)
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or  
𝐼௬௭ ൌ 2𝜌𝑒 ൤ሺ௅భା௅మሻଷ ቀ
௅మ√ଷ
ଶ ቁ
ଷ
െ ଶସ√ଷ ቀ
௅మ√ଷ
ଶ ቁ
ସ
൨     (SI-5) 
𝐼௬௭ ൌ 2𝜌𝑒 ቀ௅మ√ଷଶ ቁ
ଷ
ቂቀ௅భା௅మଷ ቁ െ
௅మ
ସ ቃ      (SI-6)  
and finally: 
𝐼௬௭ ൌ ఘ௘௅మ
య√ଷ
ଵ଺ ሺ4𝐿ଵ ൅ 𝐿ଶሻ        (SI-7) 
Similarly: 
𝐼௫௭ ൌ 2𝜌 ׬ 𝑋ሺ𝑦ሻ𝑦ଶ 𝑑𝑦       (SI-8) 
Where:  
for 𝑦 ∈ ሾ0, 𝐿ଵ 2⁄ ሾ , 𝑋ሺ𝑦ሻ ൌ 𝑋ଵሺ𝑦ሻ ൌ 𝐿ଶ√3     (SI-9)  
and for 𝑦 ∈ ቂ௅భଶ ,
ሺ௅భା௅మሻ
ଶ ቃ , 𝑋ሺ𝑦ሻ ൌ 𝑋ଶሺ𝑦ሻ ൌ 2√3 ቂ
ሺ௅భା௅మሻ
ଶ െ 𝑦ቃ   (SI-10)  
so that: 
𝐼௫௭ ൌ 2𝜌𝑒 ቂ׬ 𝐿ଶ√3𝑦ଶ௅భ ଶ⁄଴ 𝑑𝑦 ൅ ׬ 2√3
ሺ௅భା௅మሻ ଶ⁄
௅భ ଶ⁄ ቂ
ሺ௅భା௅మሻ
ଶ െ 𝑦ቃ 𝑦ଶ𝑑𝑦ቃ  (SI-11)  
Therefore: 
𝐼௫௭ ൌ 2𝜌𝑒 ቈ௅మ√ଷଷ ቀ
௅భ
ଶ ቁ
ଷ ൅ ሺ௅భା௅మሻ√ଷ ൤ቀ
௅భା௅మ
ଶ ቁ
ଷ െ ቀ௅భଶ ቁ
ଷ൨ െ √ଷଶ ൤ቀ
௅భା௅మ
ଶ ቁ
ସ െ ቀ௅భଶ ቁ
ସ൨቉ (SI-12)  
or: 
𝐼௫௭ ൌ 2𝜌𝑒 ቈቀ௅భଶ ቁ
ଷ ቂି௅భସ√ଷቃ ൅ ቀ
௅భା௅మ
ଶ ቁ
ସ ቂ ଵଶ√ଷቃ቉     (SI-13) 
And rearranging: 
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𝐼௫௭ ൌ ఘ௘√ଷ ൤ቀ
௅భା௅మ
ଶ ቁ
ସ െ ቀ௅భଶ ቁ
ସ൨       (SI-14) 
     
or: 
𝐼௫௭ ൌ ఘ௘௅మሺ௅భାଶ௅మሻସ√ଷ ൤ቀ
௅భା௅మ
ଶ ቁ
ଶ ൅ ቀ௅భଶ ቁ
ଶ൨      (SI-15) 
Lastly: 
𝐼௫௬ ൌ 2𝐴𝜌 ׬ 𝑧ଶ௘ ଶ⁄଴ 𝑑𝑧 ൌ  𝜌𝑒𝐴 ௘
మ
ଵଶ       (SI-16) 
Where: 
𝐴 ൌ ௅మ√ଷଶ ሺ2𝐿ଵ ൅ 𝐿ଶሻ       (SI-17)  
is the basal area. Let us express further the mass 𝑀of the crystallite: 
𝑀 ൌ 𝜌𝑒𝐴       (SI-17)  
Let us now express the 3 moments of inertia about axes , 𝑦, 𝑧 : 
𝐼௫ ൌ 𝐼௭௫ ൅ 𝐼௫௬       (SI-18) 
𝐼௬ ൌ 𝐼௬௫ ൅ 𝐼௭௬       (SI-18) 
𝐼௭ ൌ 𝐼௭௫ ൅ 𝐼௭௬       (SI-18)  
The moment of inertia about the center of mass O is: 
𝐼ை ൌ ூೣ ାூ೤ାூ೥ଷ        (SI-19) 
and the corresponding radius of gyration: 
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𝑅ை ൌ  ටூೀெ        (SI-20) 
Therefore: 
𝐼௫ ൌ 𝑀 ൤ ሺ௅భାଶ௅మሻ଺ሺଶ௅భା௅మሻ ൤ቀ
௅భା௅మ
ଶ ቁ
ଶ ൅ ቀ௅భଶ ቁ
ଶ൨ ൅ ௘మଵଶ൨     (SI-21) 
𝐼௬ ൌ 𝑀 ቂ௅మ
మሺସ௅భା௅మሻ
଼ሺଶ௅భା௅మሻ ൅
௘మ
ଵଶቃ       (SI-22) 
𝐼௓ ൌ 𝑀 ൤ ሺ௅భାଶ௅మሻ଺ሺଶ௅భା௅మሻ ൤ቀ
௅భା௅మ
ଶ ቁ
ଶ ൅ ቀ௅భଶ ቁ
ଶ൨ ൅ ௅మమሺସ௅భା௅మሻ଼ሺଶ௅భା௅మሻ ൨    (SI-23) 
And therefore: 
𝑅ை ൌ ൤ଶଷ ൬
ሺ௅భାଶ௅మሻ
଺ሺଶ௅భା௅మሻ ൤ቀ
௅భା௅మ
ଶ ቁ
ଶ ൅ ቀ௅భଶ ቁ
ଶ൨ ൅ ௅మమሺସ௅భା௅మሻ଼ሺଶ௅భା௅మሻ ൅
௘మ
ଵଶ൰൨
ଵ ଶ⁄
   (SI-24)  
Let us now assume 𝐿ଵ ൌ 𝛼𝑒 and 𝐿ଶ ൌ 𝛽𝑒 , the previous equation becomes: 
𝑅ை ൌ 𝑒 ൤ଶଷ ൬
ሺఈାଶఉሻ
଺ሺଶఈାఉሻ ൤ቀ
ఈାఉ
ଶ ቁ
ଶ ൅ ቀఈଶቁ
ଶ൨ ൅ ఉమሺସఈାఉሻ଼ሺଶఈାఉሻ ൅
ଵ
ଵଶ൰൨
ଵ ଶ⁄
   (SI-25) 
𝑅ை  is identical to the hydrodynamic radius 𝑅ு under the assumption that there are no 
strongly adsorbed solvent molecules contributing to the nanoparticle inertia. Taking  𝛼 ൌ
4.05 and 𝛽 ൌ 7.35 from equation (13) and (14) at the equilibrium morphology of hydrated 
talc, we get: 
𝑅ு ൎ 3.443 𝑒       (SI-26) 
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S10. Example of lognormal distribution fitting DLS data of ST-2W. 
On the figure presented, the raw DLS data are the blue dots, the grey dots are the moving 
averages of period 2 classes, and the blue line is the log-normal distribution fitted on the moving 
averaged data. 
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A R T I C L E I N F O
Keywords:
Ni
Synthesis
Talc
Materials
Crystal growth
A B S T R A C T
This article reviews the current knowledge on the incorporation of Ni and Co cations in mineral synthesis. In
addition, it overviews the interest in developing such materials, and discusses a number applications in which
these materials are used as mineral fillers. A reflection is then conducted showing that synthetic minerals rich in
Ni and Co compare closely to those occurring in Ni- and Co-rich natural lateritic environment, which can thus be
considered as mutual proxies. It follows that studies of lateritic environments can provide valuable information
on formation processes of synthetic minerals, and vice versa. An example of cross-checking data between these
two thematic fields is presented, which allows solving chemical fractionation problems encountered in lateritic
environments.
1. Introduction
Clays constitute an abundant and cheap resource worldwide. Clays
can find applications in many different fields, as they can induce new
properties in ceramic, polymer, paper, cosmetic, pharmaceutical, oil
drilling and isolation industries, and are also commonly used as mineral
fillers in order to reduce production costs (Kloprogge et al., 1999).
Among the T-O-T phyllosilicates, talc is the least complex, with the
formula Mg3Si4O10(OH)2. This mineral has been known since the An-
tiquity for its softness and its whiteness when reduced to powder.
Nowadays, the genesis of talc deposits is well understood, and it is re-
cognized that the broad spectrum of conditions that can lead to its
formation can explain the wide diversity in color, grain size, crystal-
linity, lamellar-character, softness, chemical composition and presence
of accessory minerals such as chlorite and carbonates, found in different
deposits (Zazenski et al., 1995; Robert and Fragnier, 1996; Soriano
et al., 1998, 2002). However, as usages of talc in industry evolve to-
wards more and more complex applications, new requirements and
limitations emerge, such as (i) the need for extreme talc ore purity,
particularly in cosmetic and pharmacologic uses; (ii) problems related
to the difficulty in dispersing talc in water, and (iii) the need to use
submicrometric talc particles to develop polymer-based nanocompo-
sites (Usuki et al., 1993a, 1993b; Kojima et al., 1993a, 1993b). To sa-
tisfy these requirements, a number of measures were taken by different
workers: (i) the need of high-purity talc was solved by searching for
new, highly pure talc deposit (Misch et al., 2018) and by improving talc
ore purifying techniques (Baba et al., 2015; Castillo et al., 2014; Dumas
et al., 2015a); (ii) improvement of the ability to disperse talc dispersion
in water was achieved by surface treatments such as pre-coating by
carboxyl-methyl cellulose adsorption (e.g., Bonino et al., 2002; Bacchin
et al., 2006); and (iii) the need of submicrometric talc particles led to
the development of new grinding processes such as air-jet milling, so-
nication, stirred-ball milling and dry milling (Godet, 2001). Never-
theless, using these so-called top-down approaches was not as sa-
tisfactory as hoped, because to grind natural talc to below 1 μm in size,
homogeneously, invariably led to amorphization and disordering of its
https://doi.org/10.1016/j.gexplo.2019.02.002
Received 26 March 2018; Received in revised form 17 January 2019; Accepted 9 February 2019
⁎ Corresponding author.
E-mail addresses: francois.martin@get.omp.eu (F. Martin), cyril.aymonier@icmcb.cnrs.fr (C. Aymonier), Einloft@pucrs.brc (S. Einloft),
Christel.Careme@imerys.com (C. Carême), sff@chimie.ups-tlse.fr (S. Féry-Forgues).
Journal of Geochemical Exploration 200 (2019) 27–36
Available online 11 February 2019
0375-6742/ © 2019 Published by Elsevier B.V.
T
structure (Liao and Senna, 1992; Sanchez-Soto et al., 1997; Dellisanti
et al., 2009; Cavajda et al., 2015; Borges et al., 2016). It is within this
context that most research in the last couple of decades has focused on
bottom-up approaches, including the technique of hydrothermal
synthesis, in the hope of obtaining a combination of the three sought
parameters (purity, nano-size without amorphization of the structure
and hydrophilic character) (Martin et al., 1992, 1996; Martin, 1994;
Dumas et al., 2011a; Martin et al., 2006; Lèbre, 2007; Arseguel et al.,
2006; Le Roux et al., 2010; Dumas et al., 2013a, 2013b; Dumas, 2013;
Claverie et al., 2018). In collaboration with industrial partners (IM-
ERYS), synthesis processes were recently revised and optimized, re-
sulting in a simpler, faster, and more efficient process that complies
with industrial requirements. Preparation of synthetic talc requires two
steps: (i) preparation of a talc precursor at room temperature with the
appropriate Mg/Si ratio and (ii) a hydrothermal treatment. Currently,
synthetic talc is used in various industrial sectors as a competitive and
innovative filler, and it is forecasted that the demand for this novel
material will lead to a significant technological transfer within the year.
However, before scaling up the process, crystallogenetic mechan-
isms should be considered. Although synthetic talc is a well-docu-
mented product, very little information is available on the precursor
material. Some authors confirmed its amorphous character and re-
vealed a highly agglomerated and porous (micropores and mesopores)
product (Dietemann, 2012; Dietemann et al., 2013; Claverie et al.,
2018). Moreover, understanding the growth mechanisms of synthetic
talc can help shedding light on the crystallization of talc in a variety of
natural settings, including low- (sedimentary, weathering) as well as
high-temperature (metamorphic, hydrothermal) geological environ-
ments.
Typical techniques used to investigate natural talc growth me-
chanism include diffraction and spectroscopic methods, while X-ray
diffraction (XRD) data is generally used to gain information on its
crystalline structure at the scale of approximately 50 Å. Techniques
such as Fourier transform infrared spectroscopy (FTIR) and X-ray ab-
sorption spectroscopy (XAS) can provides details on the local structure.
Extended X-ray absorption fine structure (EXAFS) is an excellent tech-
nique to probe the immediate environment of the octahedral cations, as
it can provide the distances and coordination number (CN) of the oc-
tahedral absorbing atoms. The procedure of talc synthesis allows partial
to complete substitution of the magnesium cation in the octahedral
sheet by a nickel cation (ionic radius of 0.69 and 0.72 Å for Ni and Mg,
respectively). The fact that the energy absorption of Ni atoms is more
easily measured by EXAFS than that of Mg atoms (8333 and 1305 eV for
Ni and Mg, respectively) resulted in an increased production of studies
on synthetic Ni-talcs (Dumas et al., 2015b).
This note aims to review the potential of talc nanoparticles, parti-
cularly, Ni-bearing talc particles. We focus on the processes used to
produce synthetic talc in a very short time, on the transition from proto-
talc (i.e., talc precursor) to talc using variable Ni and Mg ratios in the
octahedral layer, and on the prospect to use synthetic Ni-talc to eval-
uate dispersion into polymer matrixes by monitoring its green color.
Similar observations may be done using Co cations, as they can easily
replace Ni and Mg in the TOT structure during hydrothermal synthesis.
In natural lateritic environments, it is Mn oxides that are commonly
regarded as the major Co-bearing minerals (Dublet et al., 2017), while
TOT phases are generally not considered.
2. The talc synthesis process
Talc is a hydroxylated magnesium phyllosilicate (sheet silicate),
with the formula Mg3Si4O10(OH)2. It is the simplest pole of 2:1 type
phyllosilicates. It is constituted by a stack of a large number of sheets
along the c* axis (Fig. 1). Each sheet is composed of a hydrophilic oc-
tahedral MgO4(OH)2 layer, covalently bonded to two hydrophobic SiO4
tetrahedral layers. Because the 2:1 (or TOT) sheets of talc are elec-
trically neutral, no ion or water molecule is present in the interfoliar
space. The sheets are connected to each other by Van der Waals elec-
trostatic forces, which explains the relative ease in slipping talc sheets
relative to each other when the grain is subjected to tangential
shearing.
The review paper by Claverie et al. (2018) summarizes the history
of talc synthesis since its beginning, during the 1950s. In brief, the first
synthesis trial was carried out at high temperatures (> 700 °C). Sub-
sequently, at least until 2014, workers used hydrothermal of “batch”
type or closed reactors, generally between 200 and 500 °C (Fig. 2). The
quantities of products obtained were of a few tens of grams, which was
enough for crystallochemical and crystallographic studies (Chabrol
et al., 2010; Dumas et al., 2013a, 2013b; Dumas, 2013; Martin, 1994;
Martin et al., 1992, 1996; Lèbre, 2007).
To screen the potential of synthetic talcs in some applications,
IMERYS decided to finance a large batch reactor to obtain around 1 kg
of product at the end of one run (Fig. 3). Encouraged by the good re-
sults, in 2015 IMERYS continued funding studies to test alternative
ways of manufacturing talc, with the objective of producing it in a
continuous mode. It turned out that under supercritical conditions,
synthesis times could be reduced to only a few tens of seconds, a major
achievement compared to the nearly 10 h required to run a complete
production cycle in a closed reactor (Aymonier et al., 2014). Based on
the techniques developed by Aymonier's group at the ICMCB lab in
Bordeaux (Reveron et al., 2006; Aymonier et al., 2007; Cansell and
Aymonier, 2009), the consortium [composed of ICMCB, GET and IM-
ERYS] developed a semi-industrial pilot facility that met the group's as
well as industry's expectations in demand, being able to produce suf-
ficient quantities to perform application tests. This process takes ad-
vantage of the specific properties of water, which is neither a liquid nor
a gas under supercritical conditions (above 374 °C and 221 bars). The
hydrothermal reaction is indeed a precipitation reaction, as described
in Fig. 4. The principle of the hydrothermal reactor (Fig. 5), which
operates in continuous mode under supercritical conditions, is as fol-
lows: a precipitation reaction involving sodium metasilicate and mag-
nesium acetate (plus acetic acid and sodium acetate) is carried out
(with a ratio of 4 Si for 3Mg in order to produce talc, for example).
Then, high pressure pumps drive this precipitate to a reactor where
supercritical water conditions prevail between 10 and 60 s at most
(controlled by a pressure regulator). The resulting product is then either
recovered directly (followed by 3 to 4 successive washes to remove
Fig. 1. Structure of talc (2:1 phyllosilicate); yellow ball: silicon; light blue ball:
magnesium; dark blue ball: hydroxide; red ball: oxygen. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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excess sodium acetate) or passed through a ceramic sinter that sepa-
rates the product formed from the residual sodium acetate (Dumas
et al., 2016; Claverie et al., 2018).
In our example, the product obtained is talc with a basal line located
at 9.6Ȧ (Fig. 6), higher than reference natural talc thanks to the par-
ticles size of the final product (Fig. 7) which is lower than 1 μm, with
two populations centered around 90 nm and 240 nm. A transmission
electron microscopy image of a synthetic talc is shown in Fig. 8. It is
well defined, with a stack of layers visible in the c* direction (8 nm),
with homogeneous fine particle size at around 45 nm. Scanning elec-
tron microscopy (Fig. 9) confirms the TEM observation. These electron
microscopy images tell us about the morphology of the synthesized
particles, in particular a strong extension in the (a, b) plane with respect
to the stacking along the c* axis (less than a dozen of sheets). Thus, the
products have a high aspect ratio, which is an important physical fea-
ture to consider for their insertion into composite matrices, such as
polymers.
As soon as the system is in supercritical conditions, the run products
are obtained after very short reaction times, typically between 10 and
60 s (Dumas et al., 2016; Claverie et al., 2018). In Fig. 10, it is easy to
observe that talc is formed above the supercritical conditions of water,
whereas below these conditions, a poorly crystallized phase
Fig. 2. Different batch type reactors from 350 to 2000 cc for temperatures ranging from 0 to 500 °C and maximum pressures of 300 bar.
Fig. 3. 18 L batch reactor implanted at GET and owned by IMERYS.
4(Na2SiO3) + 3[Mg(CH3COO)2] + 2[CH3COOH] + xCH3COONa + mH2O 
Si4Mg3O11, nH2O + (8+x)CH3COONa + (m-n)H2O
magnesium 
acetate 
tetrahydrate
glacial acec 
acid 1N 
aqueous soluon 
of pentahydrated
sodium metasilicate
sodium
acetate 
trihydrate
(8+x)CH3COONa + Si4Mg3O10(OH)2 + (m-1)H2O
Si4Mg3O10(OH)2 + H2O (gel form)recovering
Si4Mg3O10(OH)2
(powder form)
Proto-talc
Synthec talc
Synthesis me
T°C
P
washed 3 or 4 mes at 
10000 rpm for 30 minutes
dried 
12h 120°C
Fig. 4. Reaction of precipitation leading to the formation of proto-talc and then to the synthesis of talc.
F. Martin, et al. Journal of Geochemical Exploration 200 (2019) 27–36
29
(amorphous) called proto-talc forms. The samples synthesized under
supercritical conditions (TF-38023 and TF-40023) exhibit the 001,
020–110, 003, and 060–330 reflections characteristic of the talc
structure. At lower temperature (TF-35020), the 00ℓ reflections of talc
are almost nonexistent and only the 020–110 and 060–330 reflections
of clays are developed. The crystallinity of sample TF-40023 is com-
parable to that of the synthetic talc sample obtained in a batch reactor
running 2 h at 300 °C and 85 bar. When the reaction time is reduced by
half (TF-40010), talc of lower crystallinity is obtained. A specific
Fig. 5. Conceptual diagram of the phyllosilicate synthesis in continuous mode under supercritical conditions.
Fig. 6. X-ray diffractogram of a talc synthesized in supercritical water for a time
of 20 s. Red: synthetic talc. Black: X-ray lines of natural talc. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
Fig. 7. Particle size distribution of a talc synthesized in supercritical water for a
time of 20 s.
Fig. 8. Transmission electron microscopy image of a talc synthesized in su-
percritical water for a time of 20 s.
Fig. 9. Scanning electron microscope image of a talc synthesized in super-
critical water for a time of 20 s.
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particularity of synthetic talcs, compared to their natural counterparts,
is the perfect equilibrium of their particles in an aqueous medium,
implying that the synthetic product is in the form of an aqueous or
hydroalccolic gel (Fig. 11 on the right), due to the hydrophilic nature of
synthetic talc. Conversely, the strongly hydrophobic natural talc pre-
cipitates under the same conditions. Drying and grinding of the syn-
thetic talc produces a white powder (Fig. 11 on the left), which, by
wetting it, can be resuspended to make a synthetic talc gel again. This
reversibility is an undeniable advantage of synthetic talc over natural
talc.
This property can be explained by the fact that the submicrometer-
size particles of synthetic talc have much higher BET values (220 to
600m2·g−1) than natural talcs (≤ 20m2·g−1), because of their higher
exchange surface and higher ratio of hydrophilic lateral borders to
hydrophobic basal surfaces. Also, the edges are the location of silanol
(SiOH) and MgOH groups. Thus, the borders have significant amounts
of physisorbed water (up to 14%; determined by differential thermal
gravity), resulting in an equilibrium with the aqueous medium (Fig. 12)
and gel formation.
3. Octahedral substitutions: From proto-talc to talc
The chemistry of the synthesis process makes it possible to replace
divalent Mg atoms, in part or totally, by other divalent atoms such as
Ni, Co, Cu, Fe and Mn. (Fig. 13). Whatever the octahedral cation, the
obtained products are talcs, and many studies have shown occurrence
of solid solutions between end-members (Ni, Mg, Fe2+, …)3
Si4O10(OH)2 (Martin et al., 1992; Petit et al., 1995, 2004a; Corona
et al., 2015). It is thus possible to obtain synthetic talc compounds that
are colored to the core. Fig. 14 shows the comparison between a natural
pink talc from China (François Martin's personal collection), and a
green synthetic talc in which Mg was replaced by Ni. The natural
sample loses its color after grinding (like the colored talc samples stu-
died by Misch et al., 2018, this talc is very pure and contains no mi-
nerals that could explain the pink color, which is probably due to the
arrangement of crystallites in the bulk ore inducing a light reflection
phenomenon) while the synthetic Ni sample retains its green color.
The paper of Dumas et al. (2015b), based on the superior visibility
of Ni in EXAFS spectroscopy with respect to Mg, aimed to first under-
stand the genesis of Ni-rich talc from nucleation to crystal growth. All of
the characterization methods showed that, with synthesis duration, talc
progressively structured to a local (FTIR, EXAFS) or an extended
(crystalline) order (XRD). Talc growth unit is constituted by 2–3 Ni-
octahedra 3.07 Å apart, and 3–4 Si-tetrahedra distributed on the top
and bottom of the octahedral “sheet” and distanced from Ni by 3.29 Å.
This “nano-talc” entity is the result of talc precipitation. With the
synthesis duration, these talc units get interlocked through the octa-
hedral sheet. Simultaneously, the tetrahedral sheets grow, and SieOeSi
chains are progressively formed. At 300 °C in classic batch reactor, or
above supercritical conditions, the synthesis time only influences the
particle size at the local order. The mixing of starting material and its
impact on the cationic distribution reveal that, independently of the
proto-talc preparation, a random distribution between octahedral ca-
tions is obtained at 300 °C. Contrary to previous statements in the lit-
erature (Decarreau et al., 1989), no cluster formation was evidenced at
low temperatures.
Fig. 10. XRD patterns of synthetic talc samples obtained
using the supercritical hydrothermal flow synthesis pro-
cess. XRD patterns of samples obtained by varying tem-
perature (350 °C (green), 380 °C (purple), 400 °C (yellow
and blue)), or synthesis time (10 s (yellow) and 20 or 23 s
(green, purple, and blue)). The XRD of proto-talc (red) is
named as talc precursor. From Dumas et al. (2016). (For
interpretation of the references to color in this figure le-
gend, the reader is referred to the web version of this
article.)
Fig. 11. Synthetic talc powder (left) and aqueous gel of synthetic talc (right).
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Fig. 12. Diagram of hydrophilic borders and hydrophobic surfaces of synthetic talc. The scheme has sizes of 4 nm2 of area over 1 nm thick and is not the re-
presentation of a synthesized particle (size at least 10 times larger in the (ab) plane).
Fig. 13. Reaction precipitation leading to the formation of (Ni, Co, …)-bearing proto-talc and then to the synthesis of (Ni, Co, …)-bearing talc.
Fig. 14. Pink natural talc (left) and green synthetic talc (right) and their respective powder after grinding. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Accessing a wide range of colors is possible just by the set of sub-
stitutions (Fig. 15). Visual aspect can also be modified. For instance,
synthetic Co-talcs (Fig. 16) not only present the pearled and shiny as-
pect of natural talcs, but they form films that keep these visual prop-
erties after pressing (Fig. 17). An interesting and unexpected aspect of
this game of substitutions is that it may lead to products with new
physical characteristics, such as low-temperature permanent mag-
netism for samples with Ni.
Remarkably, nano-divided mineral products can also be inserted in
the surface of synthetic talc to endow particles with electrical con-
duction (Bonino et al., 2012) or magnetic properties. For example,
synthetic talc particles displaying valuable magnetism at room tem-
perature were obtained by inserting nano-magnetites on their borders
by a one-pot process (Fig. 18) (Dumas et al., 2011b).
4. Dispersion in polymer matrix
In principle, the adsorption of various molecules, atoms and mineral
phases can be envisaged in order to confer new chemical and physical
properties to synthetic talcs. For instance, colored and/or fluorescent
organic molecules have been successfully adsorbed on synthetic talc
particles (Aymonier et al., 2017a, 2017b). Of course, the amount of
adsorbed species can be much larger on synthetic talcs than on natural
talcs, because of increased specific surface and extended borders where
SiOH and MgOH groups favor hydrogen bonds and electrostatic inter-
actions. Synthetic talcs thus present original physical behaviors and
functionalities, which are highly sought after by manufacturers, in
order to develop new composite materials. Polymers are materials in
which these nanoparticles are of particular interest. Indeed, introducing
a small and well dispersed mineral filler allows the mechanical strength
and other physical or chemical parameters of polymers to be improved.
Many studies done with talcs and natural clays have shown the interest
of using these micrometric mineral fillers. Recently, a large number of
polymer stability studies have been carried out using synthetic talc
fillers, and they have shown the superiority of these submicrometric
particles.
To the best of our knowledge, no Ni-rich talc particles have been
introduced in polymers yet. However, the following example suggests
that it may be possible to do so. Using synthetic talc or Fe3O4-synthetic
talc as filler in the synthesis of polyurethane by physical mixture, Dias
et al. (2015, 2016) and Dos Santos et al. (2015) obtained
Fig. 15. Examples of synthetic talc colors by partial or complete substitution of magnesium by others divalent cations.
Fig. 16. Co-bearing talc with shiny appearance.
Fig. 17. Pearl film of Ni-Mg-bearing talc.
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nanocomposites in which the mineral filler was well dispersed into the
polyurethane matrix, even at high filler content of 10 wt%. These
composite materials showed superior crystallization temperature and
thermal stability. Synthetic talc gel (Dias et al., 2018) and nano-Fe3O4-
synthetic talc gel (Dos Santos et al., 2018) was also incorporated into a
waterborne polyurethane (WPU) matrix, which is much more en-
vironmentally friendly than its solvent-based analogue. For example, in
the case of nano-Fe3O4-synthetic talc gel, the obtained composite dis-
played a typical ferromagnetic behavior below Curie temperature
(about 120 K), a superparamagnetic behavior above this temperature
and superior mechanical properties compared to solvent-based nano-
composites. Synthetic talcs manufactured in nano-gel form are parti-
cularly interesting because their interaction with water favors the dis-
persion of the fillers within the WPU matrix.
The high surface area of synthetic talc plays a significant role in the
increase of crystallinity and thermal properties of nanocomposites,
provided that the nano-fillers are well dispersed or are exfoliated into
the various polymer matrices, which is generally the case (Yousfi et al.,
2013, 2014, 2015). However, the dispersion of nanometric charges is
often difficult to measure without using expensive investigations tech-
niques (SEM, TEM, AFM, …). Magnesium synthetic talc are white, just
like the polymer matrices, and the submicrometer size makes the par-
ticles very difficult to observe by optical methods. A simple solution is
to replace Mg with Ni or with another divalent element, to obtain a
colored powder or gel (Prado et al., 2015). Fig. 19a shows a sample of
polyurethane loaded with 10% Ni talc. The homogeneous green color
suggests that the nano-charges are well dispersed. On the other hand,
for the same concentration, in Fig. 19b, a segregation of the nano-
charges has taken place during the preparation of the polyurethane
film, and the coloration is irregular. For low nano-charge concentra-
tions, the good dispersions of nano-charges in the matrix can be
observed with the naked eye (Fig. 19c).
5. Mineral synthesis: hints to the understanding the Ni- and Co-
rich lateritic environments
From the above sections, the interest of incorporating Ni, Co, or
other divalent elements into talc, is obvious. Another potential of this
practice is that synthetic crystal growth is a proxy to natural processes.
In natural environments, Ni-rich mineral phases constitute the so-called
garnierite Ni-ores. In most of the New Caledonia occurrences, these are
dominated by talc-like minerals, also called kerolite or pimelite de-
pending on the relative concentration of Mg and Ni. The NieMg ker-
olite solid solution varies between the two end-members, e.g. Mg-rich
kerolite to Ni-rich pimelite (Cathelineau et al., 2015, 2016, 2017;
Myagkiy et al., 2017; Quesnel et al., 2017). Kerolite has a structure
close to that of talc, with an interlayer distance of ~9.5 Å, but it is
characterized by an excess of Mg in the octahedral site and a relative
deficit of Si in the tetrahedral site (Brindley et al., 1979). Its H2O
content is also higher than that in talc and an ideal chemical formula is:
(Ni,Mg)3+x (Si4 - y)O10(OH)2·nH2O, where x= 2y and n ~ 1.
The solid solution between the Ni and Mg end-members is complete,
corresponding to a NieMg substitution in the octahedral sheet. Raman
spectra in the OH stretching vibration region have been recorded on
representative samples from Ni-ores in New-Caledonia, covering the
whole range of NieMg substitution (Cathelineau et al., 2015). This
study shows a continuous and significant evolution from the Mg to the
Ni end-member and reveals that four possible arrangements of Ni and
Mg in the octahedral sheet are encountered, these arrangements being
dependent on the NieMg substitution rate. For synthetic talcs, the
formula is identical but without the water molecules, the solid solutions
are also complete (Martin et al., 1992, 1996; Martin, 1994; Petit et al.,
Fig. 18. Magnetic synthetic talc attracted by the magnet. Note that all the powder is attracted to the magnet.
a
b
c
Fig. 19. Polyurethane films with various Ni-bearing talc contents: a) homogeneous distribution of nano-charges; b) heterogeneous distribution of nano-charges; c)
films containing low talc charge.
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2004a, 2004b; Dumas, 2013; Dumas et al., 2015b). The difference be-
tween talc and kerolites is very small, and the question is whether
natural kerolites are more like synthetic talcs or synthetic proto-talcs.
Substitutions, complete and continuous solid solutions between the Mg
and Ni poles are arguments to say that the phenomena of the natural
environment are similar to those of hydrothermal laboratory processes.
In both natural and synthetic cases, a random distribution was observed
but no cluster distribution.
The similarities between crystal growth in natural environments
and in a synthetic medium will prompt us to compare the three major
phases, namely proto-talc, synthetic talc and natural kerolites, in the
course of further work. The results will be essential to clarify the
synthesis processes during the transition to industrial production.
Indeed, mineral fillers are vastly used because they allow the material's
properties to be much improved, in addition to lowering the price of the
material in which they are inserted. If the size of the conventional in-
organic fillers is micrometric or multi-micrometric, the tests with nano-
divided charges show an increase of certain properties if and only if
these charges are uniformly distributed in the composite materials. The
work on the new fillers will open the possibility of moving the dozen
patents on hydrophilic sub-micron charges filed by L'OREAL into pro-
duction. Incorporation of these charges can modify the rheology of
certain preparations, which could not be achieved using those charged
with hydrophobic natural minerals.
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Abstract: This contribution gives a comprehensive review
about the progress in preparation methods, properties and
applications of the different synthetic talc types: i) crystalline
nanotalc synthesized by hydrothermal treatment; ii) amor-
phous and/or short-range order nanotalc obtained by pre-
cipitation, and iii) organic–inorganic hybrid talc-like struc-
tures obtained through a sol–gel process or a chemical
grafting. Several advantages of nanotalc such as high chemi-
cal purity, high surface area, tunable submicronic size, high
thermal stability, and hydrophilic character (leading to be
the first fluid mineral) are emphasized. Synthetic nanotalc
applications are also considered including its use as nanofil-
ler in composite materials, as absorbers of organic com-
pounds, as anticorrosion coatings and as agents for cosmetic
applications. Regarding their high industrial application po-
tential, intensive research has been carried out to better un-
derstand their behavior and develop processes to produce
them. To facilitate further research and development, scien-
tific and technical challenges are discussed in this Review ar-
ticle.
1. Introduction
Clays are abundant and cheap resources distributed world-
wide, which find application in many different fields. Clays are
usually used as mineral fillers in ceramic, polymer, paper, cos-
metic, pharmaceutical, oil drilling and isolation industries.[1]
Clay minerals belong to the phyllosilicates group and
can be classified as T-O (1:1), T-O-T (2:1) or T-O-T-O (2:1:1) phyl-
losilicates based on the arrangement of tetrahedral silicate
sheets and octahedral hydroxide sheets.[2,3] Among T-O-T
phyllosilicates, talc is the less complex with the formula
Mg3Si4O10(OH)2.
[4]
Talc is known from antiquity for its softness and its white-
ness in powder form[5] and was first named in 1546 by Geor-
gius Agricola.[6] Talc deposits are the result of the transforma-
tion of preexistent magnesian rocks (dolomite, magnesite or
serpentinite) or siliceous rocks (quartzite or pelite), by hydro-
thermal circulations carrying components necessary to the for-
mation of minerals such as MgO, SiO2, CO2 and H2O.
[7] The con-
ditions required for its formation are those of a metamorphism
(due to changes of pre-existing rocks under pressure and tem-
perature) of low intensity, that is, at temperatures of about
350 8C. The broad spectrum of talc formation conditions ex-
plains the diversity of talc ore deposits all over the world.
Thus, talc ore has to be described in term of color,[8, 9] grain
size, crystallinity, lamellar character, softness, chemical compo-
sition and the accessory minerals such as chlorite and carbo-
nates.[10,11]
Talc is a monoclinic and/or triclinic mineral[12] with a density
between 2700 and 2800 kgm@3.[13] It is composed of neutral
layer stacks, bonded together only by weak van der Waals in-
teractions (Figure 1). The interlamellar distance is 9.33 a and
the energy necessary for the displacement of the layers was
quantified to be about 4 kcalmol@1.[14, 15] An elementary layer is
composed of a sheet of linked [MgO4(OH)2] octahedra (“O”)
sandwiched between two sheets of SiO4 tetrahedra combined
to six-member rings (“T”), giving the so-called “T-O-T”-layered
structure (Figure 1).[15–17] Within the layer structure, atoms are
linked by covalent bonds. The basal faces of the layers account
for 90% of the total surface[18] and do not contain hydroxyl
groups or active ions contrary to the lateral faces that contain
few @SiOH and @MgOH groups. The lateral surface, which is
more reactive,[19] presents a Brønsted acidity whereas the basal
surface of talc, consisting of Si-O-Si siloxane bonds, presents a
low level of Lewis basicity. Because of the lamellar geometry,
the predominance of hydrophobic basal surfaces explains the
difficult dispersion of natural talc in aqueous medium.
Like the hydrophobic character, the talc lamellar structure
described above explains the intrinsic properties of this miner-
al such as its lubricant character, its chemical inertness, its ad-
sorption properties or its high thermal stability up to 900 8C.
Its lubricant character (or its softness and its low-hardness)
originates from the weak binding forces between talc layers.
Talc is at the origin of a wide range of applications as shown in
Figure 2. Talc is used as mineral filler in various industries to
reduce production cost and/or gain new properties. As exam-
ple, for its high thermal stability, talc is used as a refractory ma-
Figure 1. Crystal structure of talc (2:1 phyllosilicate) @1 elementary layer=T-
O-T+ interlayer space. Reprinted with permission from reference [20] .
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terial in kiln furniture; for its neutral electric charge, it is used
as an electrical and thermal insulator material in composites.
For its platy shape, talc is dispersed in polymer to increase the
stiffness, the heat resistance and barrier properties to reduce
shrinkage.[21] For most of these applications, talc is used as a
fine powder.
However, throughout talc applications, new requirements
and/or new limitations have appeared such as: i) the need for
talc ore purity, particularly in cosmetic and pharmacological
uses; ii) the difficulty to disperse talc in an aqueous medium;[23]
and iii) the need to use submicronic talc particles to develop
polymer-based nanocomposites (the first polymer/clay nano-
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composites were reported in the pioneering work of a group
at Toyota in 1993).[24–27] To satisfy these requirements, possible
means have been put forward: i) the need for high purity talc
was solved by the exploration of new highly pure talc depos-
it[28,29] and/or the improvements of techniques to purify talc-
ore deposits ;[30] ii) talc dispersion in an aqueous medium was
improved by using surface-treatment such as pre-coating by
carboxyl methyl cellulose adsorption, for example;[31–33] and
iii) the need for submicronic talc particles has led to the devel-
opment of grinding processes such as air jet milling,[34,35] soni-
cation,[36] stirred ball milling[37] and dry milling.[38] Alternatively,
the company Nanova has developed a mechanical–chemical
process to reduce particle size and increase the surface area of
talc.[39] However, using these top-down approaches, the results
were not as successful since natural talc is difficult to ground
homogeneously below 1 mm without leading to amorphization
and structural disordering.[40,41] In this context, in the aim to
obtain the combination of the three requirements (purity;
nanosize without amorphization of the structure and hydro-
philic character), bottom-up approaches have been investigat-
ed in the last 20 years.
This Review aims to describe the different types, synthesis
methods and applications of nanotalc. Three nanotalc types
are found in the literature and differ by synthesis methods,
structural order and composition. So, this Review is divided
into three parts according to these nanotalc types (Figure 3).
The first one concerns the synthesis of crystalline nanotalc
using hydrothermal treatment since it has been the first
method historically used by geoscientists. The second one
deals with the study of amorphous nanotalc, also called short-
range order nanotalc. As regards the third part, different or-
ganic-talc-like structures will be detailed. For each nanotalc
type, an overview of the synthesis methods is described, fol-
lowed by characterization, properties and application of these
synthetic materials. Synthetic talc mineral with high purity and
well-designed structure is a new route towards advanced func-
tional materials, which aim at developing new applications.
2. Crystalline Nanotalc Obtained by Hydrother-
mal Treatment
This chapter deals with talc synthesis using hydrothermal treat-
ment and provides a better understanding of the needs of re-
searchers to mimic nature at the nanoscale. It runs through
the history and the advancement of synthetic talc processes.
The first aim for synthesizing talc was to answer fundamental
geological questions, then, synthetic talc stimulated interests
of material scientists to develop innovative geo-based materi-
als.
Figure 2. Distribution of talc uses in industry (data for 2013).[22]
Figure 3. Historical timeline of the synthesis method of nanotalc.
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2.1. Evolution of synthesis methods for crystalline nanotalc
2.1.1. Synthetic nanotalc obtained by conventional hydrother-
mal synthesis.
From milligrams for geoscience studies…
Synthesis of talc was first reported by geoscientists in chemis-
try with the aim to better understand geological formation
mechanisms of clays. In the 1950s, synthetic talc was the result
of phase equilibria studies in the systems MgO-SiO2-H2O and
MgO-Al2O3-SiO2-H2O at high temperatures and high pressures.
These experiments were conducted to understand the stability
of metamorphic minerals and mineral assemblies. These syn-
theses were achieved thanks to the simultaneous development
of equipment able to support high pressures and high temper-
atures such as the Tuttle apparatus[42] or the test-tube bomb.[43]
In this context, Bowen and Tuttle performed the first synthesis
of talc in hydrothermal conditions from MgO-SiO2-H2O at tem-
peratures up to 1000 8C under pressures between 100 and
280 MPa, for synthesis durations of a few hours to a few
days.[44] These first results showed that talc was formed at tem-
peratures lower than 800 8C under pressures between 40 and
200 MPa. A few years later, in 1955, the study of the system
MgO-Al2O3-SiO2-H2O led to synthesis of talc under milder con-
ditions.[45] Talc was synthesized in 20 days at a temperature be-
tween 275 and 300 8C, under a pressure of around 69 MPa. In
1969, Johannes showed that the lowest limit of talc stability
was 320 8C in the system MgO-SiO2-H2O-CO2.
[46]
In parallel with these phase equilibrium studies, Wilkins and
Ito synthesized a wide range of talc composition with different
octahedral cations such as Ni2+ , Co2+ , Fe2+ , Mn2+ and Zn2+ to
understand the effect of octahedral substitution in talc on in-
frared spectroscopic signals.[47] To do so, the authors first pre-
pared a silico-metallic precipitate from a mixture of sodium sili-
cate and magnesium hydroxide or metallic carbonate; then,
the precipitate was put in a stainless steel autoclave at temper-
atures between 680 and 700 8C, under pressures between 200
and 300 MPa, for 15 to 72 h.
In 1970, nickel talc was synthesized by mixing silicon dioxide
and nickel hydroxide and by treating hydrothermally the pre-
cipitate at 350 8C for 120 h in a stainless steel autoclave.[48]
Nickel talc was synthesized to study thermal decomposition
and the reduction of nickel silicate to develop nickel catalyst
on silicate.
In 1982, magnesium silicate mineral derived from the talc-
water system in hydrothermal conditions was studied by Whit-
ney and Eberl.[49] The hydrothermal treatment of a gel precur-
sor of talc was realized in a tiny autoclave lined with gold at
temperatures between 300 and 550 8C, for a synthesis duration
varying from 7 to 200 days, at a constant pressure of 100 MPa.
The authors showed that talc precursor was transformed in
talc after 7 days whatever the temperature. However, they re-
ported that after 7 days of synthesis at a temperature between
300 and 450 8C, the obtained talc was not stable over time and
was degraded progressively into stevensite (a T-O-T phyllosili-
cate with a negative charge layer and with the formula
Mg3–xSi4O10(OH)2·nH2O). On the other hand, above 500 8C, talc
crystallinity was improved with synthesis time and no mineral
transformation was observed.
Simultaneously, mineral synthesis was a tool to understand
the formation mechanism of clays and soils. In this way, at the
end of the 1980s, Mond8sir[50] and Decarreau[51] presented evi-
dence for clay phase transition as a function of temperature:
stevensite/kerolite (mineral with formula (Mg,Fe,Ni)3Si2O5(OH)4)
and kerolite/talc. Decarreau et al.[51] demonstrated that the sta-
bility of the mineral depended on the temperature of the hy-
drothermal synthesis and concluded that the starting tempera-
ture for talc crystallization was approximately 170 8C. However,
this method led to an unstable synthetic talc, as observed in a
retromorphosis experiment during which the crystallinity de-
creased to form kerolite.
Later, in the 1990s, based on the Decarreau process,[51]
Martin et al. synthesized phyllosilicates in which the tetrahedral
and octahedral cations were partly or wholly substituted by
germanium and gallium or nickel and cobalt, respective-
ly.[12,52–54] These studies aimed to access the insertion possibili-
ties of these elements in phyllosilicates to obtain crystallo-
graphic and crystal-chemistry data. An increase of crystallinity
was observed in substituted talcs without any modification of
the symmetry group in the crystal lattice.[52,54]
The synthesis of talc described by Decarreau et al. offers the
mildest synthesis conditions (80–240 8C) and was used further
as a reference synthesis.[51] For this reason, the protocol fol-
lowed by Decarreau et al. is detailed below. The synthesis
starts with the formation of a precipitate obtained from the
mix between a solution of sodium metasilicate and magnesi-
um chloride with a Mg/Si identical to that of talc (i.e. , 3/4). The
precipitation reaction is [Eq. (1)] , with m and n as whole inte-
gers.
4 ðNa2SiO3Þ þ 3 ðMgCl2Þ þ 2HClþmH2O!
Si4Mg3O11,nH2Oþ 8NaClþ ðm@nþ 1ÞH2O
ð1Þ
The precipitate is cleaned to take away the NaCl salt and
dried at 60 8C for three days. A trituration process is then nec-
essary after drying because of the formation of a solid agglom-
erate. Then, the obtained powder is dispersed in water and
the suspension is introduced in a metallic autoclave lined with
polytetrafluoroethylene (maximal stability temperature:
240 8C). The synthesis is performed at 240 8C, under autoge-
nous water pressure (1.6 MPa), for 15 to 30 days.
Since the work of Decarreau et al. ,[51] talc synthesis has
evolved significantly and shown a resurgence of interest due
to potential applications in materials science, leading to pro-
duction from a few milligrams to few grams between 1989
and 2013. Figure 4 reports the evolution of synthetic talc pro-
cesses.[55]
… to tens of grams for materials investigation
The work of Decarreau et al.[51] was used in materials research
as a starting point for the synthesis of nanotalc. All the syn-
thetic talc preparations described below require at least two
steps: 1) the formation of a talc precursor (this results from the
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mixture of a source of silicon and a source of magnesium in a
ratio corresponding to the stoichiometric ratio of talc : 4 silicon
atoms to 3 magnesium atoms), and 2) the hydrothermal treat-
ment of this talc precursor in an autoclave.
As the method described by Decarreau et al.[51] did not lead
to a stable product, the first patented process described how a
stable talc composition could be obtained from a synthetic
kerolite through annealing, for example, at 550 8C for 5 h.[56] Al-
though this process allowed obtaining talc particles, this pro-
cess was still long and tedious.
LHbre’s[57] contribution led to a significant process evolution
by detailing the influence of various synthesis parameters such
as the reactants, the drying method, the temperature, the
pressure, the synthesis duration or the solid/liquid ratio intro-
duced into the reactor. To perform a hydrothermal treatment
at higher temperatures (300–600 8C), autoclaves made of titani-
um or Hastelloy, instead of Teflon-coated ones, were devel-
oped. This process, referred to as P1, eliminates the step of
drying and grinding before the hydrothermal synthesis, re-
duces the hydrothermal treatment step from months to weeks,
and does not require the annealing step of the former process
(Figure 4).[57,58] The reactants used in the P1 process were iden-
tical to the ones used by Decarreau et al.[51] These syntheses
were carried out at a small scale (0.35 or 2 L) and the process
was then developed at a larger scale (18.5 L autoclave reactor)
to produce a few hundred grams instead of a few tens of
grams (Figure 5). The synthesis scale-up did not require further
process modifications. The process was reliable whatever the
volume of the autoclave for similar synthesis conditions.
In 2012, the synthetic talc process evolved, allowing the du-
ration of the hydrothermal-treatment step to be reduced from
weeks to a few days (Figure 4).[59] The innovation was based on
the addition of a carboxylate salt to the talc precursor before
the hydrothermal treatment. The formula of this carboxylate
salt is R-COOM, where M is either Na or K, and where R is
either H or an alkyl group having less than ten carbon atoms.
In this process, named P2, the precipitation step is identical to
that described in P1; the novelty occurs before the hydrother-
mal treatment when the precursor (powder or gel) is dispersed
in a carboxylate salt solution; then, the mixture is introduced
into the autoclave and the hydrothermal treatment is com-
monly performed at 300 8C, under an autogenous water pres-
sure (8.5 MPa) in a titanium autoclave; after the hydrothermal
treatment, talc in the form of gel is separated from the salt so-
lution through successive centrifugation cycles. Several salts
have been tested, such as sodium formate (HCOONa), potassi-
um acetate (CH3COOK), sodium acetate (CH3COONa) and
sodium butyrate (CH3@CH2@CH2@COONa). Figure 6 compares
the XRD patterns of talc synthesized with these different car-
boxylate salts. Finally, sodium acetate was chosen for its low
cost, its nontoxicity for humans and the environment and its
Figure 4. Evolution of the hydrothermal talc synthesis process. Reprinted with permission from Elsevier (ref. [55]).
Figure 5. An 18.5 L stainless steel autoclave used for the preparation of P3-
nanotalc (GET laboratory, Toulouse, France; Parr Instrument Company; prop-
erty of Imerys Talc Europe).
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stability during the hydrothermal treatment.[60–62] Moreover, the
use of sodium acetate has led to a gain in talc crystallinity.
Although the P2 process has improved the kinetics of transfor-
mation of the talc precursor into crystalline talc, it has compli-
cated the process by the addition of talc precursor into a salt
solution. In this context, the process named P3, which was
aimed to keep “the catalytic effect” of the carboxylate while
optimizing the process, was developed.[63] The novelty of this
process was in the precipitation step and more precisely in the
change of the reactants and the mixing procedure
(Figure 4).[55,64] The change in the magnesium source from
magnesium chloride to magnesium acetate and precipitation
with sodium metasilicate allows the production of sodium ace-
tate as follow [Eq. (2)] , with m, n and y as whole integers.
4 ðNa2SiO3Þ þ 3 ðMgðCH3COOÞ2Þ þ 2 ðCH3COOHÞ þmH2Oþ
y CH3COONa ! Si4Mg3O11, nH2Oþ ð8þ yÞCH3COONaþ
ðm@nþ 1ÞH2O
ð2Þ
Contrary to P2, the cleaning step subsequent to the talc pre-
cursor precipitation is removed and the gel obtained is directly
introduced in the autoclave to undergo the hydrothermal
treatment. The synthesis is performed commonly at 300 8C
under an autogenous pressure of water (8.5 MPa) in a titanium
autoclave as previously described. After the hydrothermal
treatment, the gel of the talc is separated from the solution of
sodium acetate by centrifugation and is cleaned. Synthetic talc
can be recovered as a gel or as a dry powder. The P3 process,
in addition to simplifying the synthesis procedure, presents
the advantage of reducing once more the hydrothermal treat-
ment duration from a day to a few hours. Using the P3 pro-
cess, the influence of several synthesis parameters (reaction
time, temperature, pH, addition of sodium acetate, pressure)
on the talc crystallinity was investigated by Dumas et al.[55]
To conclude, the process evolution of talc synthesis by hy-
drothermal treatment is time-saving since it simplifies the syn-
thesis steps and reduces significantly the hydrothermal treat-
ment duration. To obtain a synthetic talc having a similar crys-
tallinity using P1, P2 and P3 processes, 21 days are necessary
using P1, as opposed to 24 h using P2 and only 6 h with P3
(Figure 7).
The P3 process was also adapted for the synthesis of substi-
tuted talcs. Talcs with nickel, cobalt, zinc, manganese, copper
and germanium were produced. While in the octahedral sheet
cobalt and nickel can entirely substitute magnesium, substitu-
tions by zinc, manganese and copper are limited.[65] When
nickel or cobalt are used to completely replace magnesium
atoms in the talc structure, an increase of the talc crystallinity
is observed. A study was carried out to evaluate the benefits
of low insertions of divalent or trivalent cations in the talc
structure. The cationic insertion was considered as a tool to in-
crease talc crystallinity or to reduce synthesis duration.[65]
To conclude, since 2012, the process of synthetically obtain-
ing talc has been revisited with the aim of making it compati-
ble with industrial requirements in terms of yield and cost-ef-
fectiveness. The development of the synthesis protocol has
made it possible to considerably reduce the synthesis time
from several days to only a few hours. With the continued aim
of increasing the productivity of synthetic talc in mind, an al-
ternative way of heating has been tested: heating with micro-
waves.
2.1.2. Microwaves-assisted synthesis of talc
To optimize the process of talc synthesis, microwave radiation
has been tested with the P3 protocol. The hydrothermal treat-
Figure 6. XRD patterns of synthetic talc obtained with the P2 process using
different carboxylate salts (1m solution). Reprinted with permission from ref-
erence [65] .
Figure 7. a) XRD patterns of synthetic talc from processes P1, P2, and P3 (!:
NaCl) with the same crystallinity (about 160 a in the c* direction and 270 a
in the (ab) plane). The synthesis temperature was 300 8C, and the related au-
togenous pressure was approximately 8.5 MPa; synthesis times were
21 days, 24 h, and 6 h for P1, P2, and P3, respectively. b) Coherent scattering
domain (CSD) sizes in the c* direction and the (ab) plane as a function of
the talc process. Reprinted with permission from Elsevier (ref. [55]).
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ment was performed in a 100 mL Teflon reactor in a Milestone
Start D microwave furnace by varying synthesis duration from
one minute to several hours. Due to the microwave reactor
material used, synthesis temperature was restricted to 230 8C
(500 W). Microwave hydrothermal treatment at 230 8C provides
a rapid structuration of the talc precursor into crystalline talc.
This result was supported by X-ray diffraction (XRD), XRD simu-
lations, NMR spectroscopy and FTIR analysis. This experimental
approach of talc synthesis using an alternative heating route
indicates that talc structuration can be a rapid process. One
minute under microwave radiation is enough to obtain a talc
comparable in the c* direction to the one obtained by conven-
tional heating for several hours (Figure 8). Moreover, as synthe-
sis duration did not influence crystallinity, these experiments
demonstrated that temperature is a key parameter for the
growth of talc in the c* direction.
However, hydrothermal synthesis research by microwave
heating did not go further because of scale-up difficulties of
batch reactors with microwaves radiation.[66] In addition, tem-
perature limitation due to the nonexistence of microwave-
transparent material stable at temperature of 300 8C was an
obstacle to talc crystallinity.[65] With the objective to always
adapt the protocol of talc synthesis to the requirements of an
industrial production, supercritical hydrothermal synthesis in
continuous flow was investigated.
2.1.3. Continuous synthesis of talc in supercritical water
Hydrothermal nanotalc has received industrial interest which is
the driving force for investigating new scalable synthesis solu-
tions. This section deals with the innovative route to synthesize
talc using supercritical water (SCW). A fluid is said to be in the
supercritical condition when it is processed above its critical
temperature (Tc) and above its critical pressure (pc). Working in
the supercritical domain offers the possibility of a continuous
change from the liquid phase to the gas phase: density, viscos-
ity and diffusivity can be finely tuned between those of a gas
and a liquid.
Supercritical water is a good candidate for use as a supercrit-
ical fluid. The phase diagram of water is presented in Figure 9.
SCW is cheap, nontoxic, nonflammable, nonexplosive, and can
be used as a “green” solvent. The properties of water drastical-
ly change around the critical point (Tc=374 8C, pc=22.1 MPa
and 1c=322 kgm
@3 ; Figure 9b). The reduction in water density
and dielectric constant (e) seen between room conditions and
the critical point (from e&80 to e&6) has important conse-
quences for water solubility of compounds[67] (organic com-
pounds become highly soluble[68] whereas the solubility of in-
organic salts is strongly reduced). The drastic fall in water den-
sity at the critical point has an impact on the water structure
at the microscopic scale and thus, on solvation mechanisms,
solubility and reactivity (also on the fall of the dielectric con-
stant). Moreover, the decrease of the ionic product of water
will change the hydrogen ion (H+) and hydroxide ion (OH@)
concentrations and thus, the acido-basic processes.[69]
Industrially, supercritical fluids are mainly used in extraction
processes[72] but also in the domains of the environment,[70]
energy[73] and cleaning.[74,75] Supercritical fluid (for instance su-
percritical carbon dioxide) for synthesis of metal particles has
also been subject to increasing consideration.[76–80] In recent
decades, supercritical water has found innovative applications
in inorganic nanomaterials synthesis.[81–86] In the early 1990s,
Adschiri and co-workers pioneered the use of this method to
synthesize cerium oxide nanoparticles.[84] The nanoparticle
design in terms of size, morphology, structure, composition
and crystallinity can be controlled by varying water properties
adjusting temperature and pressure.[81,87,88] Several publications
highlight the advantages of this process for the processing of
nanomaterials.[70,81,82, 87,89,90]
In improving the chemical reactivity,[70,74, 91–94] the use of SCW
has resulted in a significant reduction of the process time from
a few hours to only tens of seconds. This is the reason why the
process described below is particularly suitable for scaling-up
in industry.[89,91, 95] Dumas et al.[96,97] highlighted the proof-of-
concept for talc synthesis combining a continuous set-up and
the use of supercritical conditions. For the first time, talc pre-
cursor preparation and hydrothermal synthesis are performed
in only one step based on the process developed by Slostow-
ski et al. for the synthesis of cerium oxide.[90,98] The reduction
of synthesis steps and the use of supercritical water offer a
major technical breakthrough since they allow a drastic de-
crease of the synthesis time. Moreover, contrary to the batch
P3 process, the continuous-flow synthesis in supercritical con-
ditions does not require an excess of sodium salts. At the tee
mixer, talc precursor is formed according to Equation (3), with
m and n as whole integers.
4 ðNa2SiO3Þ þ 3 ðMgðCH3COOÞ2Þ þ 2 ðCH3COOHÞ þmH2O!
Si4Mg3O11, nH2Oþ 8 CH3COONaþ ðm@nþ 1ÞH2O
ð3Þ
Figure 8. XRD patterns of synthetic talcs obtained by microwaves (MW)
heating 230 8C under autogenous vapor pressure for synthesis time varied
between 1 and 180 min. MW-talc samples are compared to a talc precursor
and synthetic talc obtained by using a conventional heating system at
230 8C for 360 min. Reprinted with permission from reference [65] .
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Talc has been synthesized using a simple custom-built and
continuous supercritical hydrothermal reactor (referred to as
the P4 process) which is illustrated in Figure 10.
The whole device is designed with a 1/8 in. 316 L stainless
steel coiled tubing. The heater is a homemade coiled ceramic
resistor allowing control over temperatures up to 500(:1) 8C.
A back-pressure regulator (BPR—micrometer needle valve—
Autoclave Engineers) placed downstream the reactor, allows
control over the pressure in the reactor up to 40 MPa. In this
process, the precursor solutions (sodium metasilicate and mag-
nesium acetate solutions) are introduced with high-pressure
pumps and directly mixed at the tee-mixer point. At this point,
the mixture of precursors precipitates to form the talc precur-
sor entity and sodium acetate. This mixture is then directed
into the reactor operating in supercritical conditions where the
talc crystallization occurs. The reaction is quenched thermally
downstream the reactor with an ice bath and the talc is
trapped in a filter while the solvent solution is recovered by
depressurization through the micrometric valve. At the end of
the procedure, the filter is disassembled from the reactor,
opened and synthetic talc can be recovered.
Based on this study, a scale-up of talc synthesis is currently
being studied. A series of talc was synthesized in tens of sec-
onds in near- or supercritical water using this continuous-flow
process (Figure 11). This approach highlights the possibility for
a rapid talc structuration (in tens of seconds) and demon-
strates that synthesis time and temperature influence the
growth of talc in the c* direction. It should be noted that
these XRD characterizations were performed on talc gel direct-
ly recovered from the filter and dried without being cleaned.
Besides reducing the synthesis time, the absence of salt signals
denotes another innovative character of this process: the elimi-
nation of the cleaning step of the talc gel.
Thus, this study has shown: 1) the possibility to synthesize
talc in a continuous-flow system; and 2) the feasibility of talc
production under supercritical hydrothermal conditions. This
new approach of talc synthesis makes it possible to curtail
even more synthesis time. For the first time, talc is obtained in
less than one minute. Jointly with the reduction of the synthe-
sis time, this process simplifies the protocol by removing:
1) the addition of the sodium acetate during the reaction of
precipitation, used as a catalyst of the reaction (P3 protocol),
Figure 9. a) Pressure–temperature phase diagram of pure water. PT is the triple point (TPT=0 8C, PPT=0.612 MPa) and PC is the critical point (TPC=374 8C,
PPC=22.1 MPa). Some isochoric curves are drawn (dotted lines). Reprinted with permission from Wiley (ref. [70]). b) Evolution of density (1), ionic product (IP)
and dielectric constant (e) of the water as a function of the temperature. Reprinted with permission from Elsevier (ref. [68]) and the American Society of Me-
chanical Engineers (ref. [71]).
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and 2) the cleaning step. This system of production could be
the solution for the change of scale necessary for industrializa-
tion.
2.2. Characteristics of crystalline nanotalc
Synthetic talc prepared by using hydrothermal processes (P2,
P3 and P4) leads to a product: 1) with a talc-like structure
(Figure 7 and Figure 11), 2) with a high chemical purity, 3) with
submicronic size, crystallinity or lamellarity defined, and 4) with
a hydrophilic character (gel of talc).
Synthetic particles from the P1 process were characterized
by using spectroscopic methods (FTIR, NMR spectroscopy).
These characterization methods reveal numerous structural de-
fects caused by the synthesis of a biphasic material composed
of stevensite-talc interstratified product.[57,99, 100]
Figure 10. Custom-built continuous supercritical hydrothermal process for talc synthesis. T= thermocouple; P=manometer. Reprinted with permission from
Wiley-VCH (ref. [96]).
Figure 11. XRD patterns of synthetic talc obtained by using the continuous near- and supercritical hydrothermal synthesis process for different temperatures
(350, 380 and 400 8C) and for different synthesis times (10 or 20 s). Conditions of synthesis and coherent scattering domain (CSD) measurements. Reprinted
with permission from Wiley-VCH (ref. [96]).
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Contrary to P1, the P2, P3 and P4 processes lead to a single-
phase product.[55] P3 talcs have been extensively studied with
various spectroscopic methods (FTIR, NMR spectroscopy), XRD
and microscopy (scanning electron microscopy, transmission
electron microscopy).[64,96] The structural evolution of synthetic
talc particles as a function of synthesis time was investigated
and shows that the synthesis time influences particle size in
the (ab) plane.[64,96] The longer the synthesis time is, the bigger
the particles are (Figure 12a,b). Moreover, synthesis times be-
tween a few seconds (continuous process) and few hours (Fig-
ure 12c) do not influence particle thickness (<10 nm).[65] Talc
particle size and the number of stacked layers were accessed
by using AFM and low-pressure argon adsorption analyses
(Figure 13).
While synthetic nanotalc and natural micronic talc have the
same crystal structure, new spectroscopic signals in NMR spec-
tra and FTIR appear in nanotalc. In 29Si NMR spectra, natural
talc is characterized by a broad peak centered at @97(:
1) ppm, which corresponds to silicon in a Q3 environment (Si
surrounded by 3 others Si, in blue in Figure 14). In the case of
synthetic talc, in addition to the @97 ppm peak, a signal locat-
ed at @95 ppm appears and its area decreases with synthesis
time while the one at @97(:1) ppm peak increases. By analo-
gy with crystalline growth observations with synthesis time,
this peak at @95 ppm is assigned to a Q2 environment charac-
teristic of sheet edges (in green on Figure 14).
Effects of nanosize on talc characteristics have also been evi-
denced by 1H NMR spectroscopy. 1H NMR spectra of synthetic
talc reveal three signals at 0.5, 1.8 and 4 ppm while natural talc
is characterized by a broad peak centered at 0.5 ppm and at-
tributed to the structural hydrogen atoms in a trioctahedral
Mg environment (Figure 15).[101,102] The peaks observed in syn-
thetic talc samples are assigned to silanol groups on particle
edges[102] and physisorbed water at 1.8 and 4.3 ppm, respec-
tively. The hydrophilic character of synthetic talc was also iden-
tifiable by FTIR analysis.[64]
Thermogravimetric analyses of natural talc and P3 synthetic
powder revealed a high thermal stability up to 800 8C
(Figure 16). However, unlike natural talc, synthetic talc presents
a gradual thermal degradation. This stair-form evolution be-
comes gradually less pronounced with the growth of particle
size. These observations are explained by a progressive dehy-
droxylation of synthetic talc according to its sizes: the smaller
the particle size, the more the OH groups are accessible.[64]
These characterizations of synthetic talc particles allow the
observation of a growth of particle sizes during the hydrother-
Figure 12. TEM images and size-distribution histogram analysis of synthetic
talc after : a) 1 h, and b) 6 h of hydrothermal treatment, and c) evolution of
the length and the thickness of particles with synthesis duration (estimated
from low-pressure adsorption analyses). Reprinted with permission from ref-
erence [65] .
Figure 13. AFM picture of the surface of talc synthesized in 6 h. Reprinted
with permission from reference [65].
Figure 14. 29Si MAS-NMR spectra recorded on natural talc and synthetic talc.
Reprinted with permission from Wiley-VCH (ref. [96]). Scheme of the talc tet-
rahedral sheet. Reprinted with permission from reference [65].
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mal treatment. Particles obtain between 1 and 6 h of synthesis
meet the objectives, which are the monodispersity and the
nanometric character. Spectroscopic analyses allow the identifi-
cation of specific signatures due to the environments of edge
of the particles. So, the longer the time of synthesis is, the
larger the particles are and thus, the less intense characteristic
signals of small particles are. The nanometric character brings
also a new property: an exacerbated hydrophilicity. Lastly,
these new synthetic talc particles have the advantage of being
able to be easily functionalized (magnetism, grafting) with the
aim of bringing new properties.
2.3. Functionalization and applications of nanotalc
Whereas initially natural talc was introduced into polymer ma-
trices to reduce the production cost, today nanotalc is studied
as a mineral filler to bring new properties and/or functionalities
(mechanical reinforcement and barrier properties) to compo-
site materials.
2.3.1. P1 nanotalc
Lubricant composite material
The lubricant properties offered by the introduction of P1
nanotalc and micronic natural talc in a metallic matrix (Zn-Ni
and Ni-P) were compared by Bonino et al.[103] and Etchever-
ry.[104] Compared to natural talc, P1 nanotalc offers a significant
decrease of the roughness and a better dispersion.[104] An inter-
national industrial patent has been deposited to use P1 nano-
talc particles as high temperature lubricant material.[105]
Anticorrosion coating
Joncoux-Chabrol et al.[99] were the first to study the incorpora-
tion of P1 synthetic nanotalc in a sol–gel coating to improve
metal corrosion protection. The barrier properties of P1 nano-
talc into sol–gel coating were studied and showed an easier
dispersion of the synthetic particles, in contrast with natural
talc, in the sol–gel matrix. The incorporation of this filler at a
concentration of 20 gL@1 greatly enhanced the barrier effect of
the coating. However, the long duration synthesis required to
obtain P1 synthetic nanotalc (48 h[106]) did not match with in-
dustrial requirements.
Polymer nanocomposite
Fiorentino et al.[107] investigated the influence of both the P1
nanotalc nucleating power and its dispersion rate in a poly-
propylene (PP) matrix. P1 nanotalc was modified on its surface
(grafting) and a compatibilizer (a maleic anhydride-grafted PP)
was used to develop long-range interactions between filler
and matrix.[107] The results highlighted an enhancement of the
nucleating effect in PP of the grafted nanotalc. Furthermore,
by coupling the incorporation of a compatibilizer with P1
nanotalc after organophilic surface treatment, an enhancement
of the dispersion and a reduction of the thermal degradation
of the filled matrix were observed.[107] With respect to the ther-
mal properties, a higher temperature degradation of synthetic
talc polymer nanocomposite was evidenced. This fact was im-
proved by the use of modified synthetic talc.
2.3.2. P3 nanotalc
The easiest, optimized and most cost-efficient method to
obtain synthetic talc is by using the P3 process. As discussed
previously, P3 nanotalc has been extensively characterized by
several methods.[55,64] For these reasons, the majority of scien-
tific studies are based on the use of P3 nanotalc to meet the
needs of industrial applications.
Polymer nanocomposite
The insertion of P3 nanotalc was studied by Yousfi et al.[108] in a
nonpolar PP matrix and in a polar polyamide (PA6) matrix to
evaluate its contribution on the mechanical and thermal prop-
erties of the composite material. The thermal stability of the
P3 nanotalc-filled PP systems is considerably enhanced and the
Figure 15. 1H MAS-NMR spectra recorded on natural talc and P3 synthetic
talc. Reprinted with permission from reference [65]. Inset : scheme of the
talc layer (top view).
Figure 16. Thermogravimetric curves of P3 talc synthesized in 1 and 6 h. Re-
printed with permission from Springer (ref. [64]).
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best ductility was observed. For PA6 systems, a good disper-
sion of P3 nanotalc was possible (Figure 17) and a significant
increase in Young modulus was highlighted. The authors at-
tributed these phenomena to the high affinity between the hy-
drophilic synthetic talc and the polar PA6 matrix. Later, the au-
thors used room temperature ionic liquids (RTILs) as effective
compatibilizers of PP/PA6/synthetic talc blends.[109] They func-
tionalized P3 nanotalc with two kinds of RTILs based on phos-
phonium cations. They observed an enhancement of both the
thermal properties of PP/PA6/synthetic talc (+80 8C) and the
mechanical performance without reducing the strain at rup-
ture. They demonstrated a harmonious reaction between ionic
liquids and synthetic talc.
In their study, Beuguel et al.[110] introduced P3 nanotalc in
PA6 and PA12 matrices and analyzed the rheological and struc-
tural properties of the nanocomposites. The results show that
P3 nanotalc is better dispersed in PA6 matrix than in PA12
matrix (by reason of the matrix polarity). However, in another
study, they highlighted that synthetic talc can be considered
as potential challengers of montmorillonite clay, when dis-
persed in PA12 matrix, since synthetic talcs exhibit a mainly
nanometric structure.[111]
As polymeric matrix, polyurethanes (PU) must be considered
because of the different niches of application, such as coatings,
adhesives, foams, thermoplastic elastomers, among others. PU
presents good mechanical properties but possess low thermal
stability and barrier properties. Prado et al.[112] focused on the
use of synthetic P3 Ni-talc as filler in the preparation of PU
nanocomposites by in situ polymerization. They show a good
dispersion of Ni-talc in the matrix which is testified by a homo-
geneous green coloration. So, great compatibility between
filler and polymer is highlighted. This significant dispersion can
be explained by several OH interactions of the P3 Ni-Talc with
the urethane group of the polymeric matrix. The nanocompo-
sites of synthetic Ni-talc/PU also show enhancement in thermal
stability and of the crystallization temperature in comparison
with natural talc/PU composites or with a pure PU. Figure 18
shows how both pure PU and natural talc/PU present a
random distribution of the crack growth on the surface. Ni-
talc/PU revealed a rough ordered fractured surface indicating
good dispersion and adhesion of filler and polymeric matrix.
Dos Santos et al.[113] used new P3 nanotalc associated with
nano-Fe3O4
[114] (Figure 19) as filler for producing magnetic poly-
meric nanocomposites. They demonstrated good dispersion of
Figure 17. TEM images of: a) PA6/synthetic talc, and b) PA6/natural talc. Re-
printed with permission from Elsevier (ref. [108]). This figure shows a higher
exfoliation and dispersion of synthetic talc in the matrix in comparison with
natural talc.
Figure 18. Cryofractured SEM images of : a) pure PU, b) PU with 3 wt.% natu-
ral talc, and c) PU with 3 wt.% Ni-Talc. Reprinted with permission from Wiley
(ref. [112]).
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Fe3O4-nanotalc in a PU matrix even at high filler content of
10 wt.%. They confirmed the possible use of this filler to
obtain magnetic nanocomposites leading to improved materi-
als with high crystallization temperature and thermal stabili-
ty.[113]
The use of talc as filler in polymeric matrices is limited by its
electrical insulation property (between 10@11 and 10@16 Sm@1).
Indeed, it is essential for some applications to have antistatic
materials, in particular in the electronic and automotive indus-
try. Fraichard[20] succeeded in producing synthetic talc with
electrical conductivity. Fraichard et al.[115] modified the synthet-
ic talc through two approaches: functionalization with carbon
nanotubes and grafting of a conductive polymer (polypyrrole).
They obtained a conductive filler about one hundred Sm@1.
The introduction of these conductive fillers in a low-density
polyethylene matrix by extrusion has demonstrated that the
mechanical properties of the matrix are maintained and its
conductive properties are notably improved. These composites
may be used as sensors or antistatic parts.
Filler for safety documents
In 2014, the Arjowiggins Security group patented the use of
P3 nanotalc in the production of safety documents.[116] The
chemical control of the synthetic talc during synthesis is the
main asset of this material for authentication and/or identifica-
tion of documents. Synthetic talc is used for its chemical signa-
tures (tetrahedral and octahedral substitutions) which can be
easily and quickly detected by spectroscopic methods such as
Raman spectroscopy and near-infrared spectroscopy directly
on paper.
Filler for cosmetic application
In 2014 and 2015, the L’Oreal Group deposited 14 patents con-
cerning the use of synthetic talc in the form of an aqueous gel
in cosmetic formulations. In cosmetics, the purity of synthetic
talc is highly valued, since it prevents the risks of undesirable
mineral contaminations. Among the 14 patents, the inventions
relate a cosmetic composition for the treatment of skin and
nails, comprising a synthetic talc and an electrolyte, a polyelec-
trolyte, a polyol and/or a UV filter.[117–120] The inventions relate
also the use of the synthetic talc as an agent for stabilizing a
Pickering-type emulsion.[121] Moreover, synthetic talc in the
form of powder is patented as a mattifying and homogenizing
agent in cosmetic care and make-up.[117,122] Indeed, in cosmet-
ics, it is currently popular to use aqueous gel to stabilize emul-
sions and dispersion of solid particles such as fillers and pig-
ments. These patents meet the need to propose cosmetic
compositions able to convey electrolytes while remaining
stable, with a viscosity appreciated by consumers.
Consequently, synthetic crystalline nanotalc illustrates a new
filler with highly interesting properties such as a nanoscale, a
high purity and a hydrophilic character. These characteristics
make it attractive for several applications in which natural talc
cannot be used. It should also be highlighted that synthetic
talc can be easily functionalized, opening a wide range of ap-
plications.
3. Amorphous and/or Short-Range Order
Nanotalc
3.1. Formed at the beginning of precipitation
The magnesium silicate precipitation research was developed
in materials science with the objective to develop new syn-
thetic fillers. With this aim, Krysztafkiewicz et al.[123] realized a
parametric study of magnesium silicate precipitation in the
presence of sodium hydroxide solution. Precipitation was per-
formed by “a drop-by-drop mixing of solutions of sodium met-
asilicate and magnesium salts” (chloride, sulfate, and nitrate) at
80 8C (Figure 20a).[123] The presence of a sodium hydroxide so-
lution during the precipitation significantly affected the quality
of the obtained magnesium silicate (modification of chemical
composition, lower particle size, and higher homogeneity of
particle size). Later, Ciesielczyk et al.[124,125] proposed three pro-
cedures to obtain highly dispersed magnesium silicate (Fig-
ure 20b). The authors optimized the precipitation reaction by
studying the influence of temperature (20–80 8C), reagent
dosing rate, rate of mixing reactants, substrate concentration.
Figure 19. Magnetic synthetic talc ranges obtained. Reprinted with permis-
sion from reference [65] .
Figure 20. Schemes of the procedure followed to synthesize magnesium sili-
cate according to: a) Krysztafkiewicz et al. , b) Ciesielczyk et al. , and c) Diete-
mann et al. Reprinted with permission from Elsevier (ref. [123]), Wroclaw Uni-
versity of Science and Technology Publisher (ref. [126]) and Elsevier
(ref. [127]), respectively.
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Using procedure III (Figure 20b), a magnesium silicate having
the nearest chemical composition of talc was obtained. How-
ever, an amorphous magnesium silicate was obtained in the
form of agglomerate (Figure 21a and b). Ciesielczyk et al.[126]
also studied the surface modification of synthetic magnesium
silicate and the physicochemical parameters of the obtained
product (particle size, bulk density, hydrophobic character).
Dietemann et al. studied the magnesium silicate precipita-
tion reaction (from the P1 process, Figure 20c)[22,127] which was
as follow [Eq. (4)] with m and n as whole integers.
ðNa2SiO3Þ þ 3 ðMgCl2Þ þ 2HClþmH2O!
Si4Mg3O11, nH2Oþ 8NaClþ ðm@nþ 1ÞH2O
ð4Þ
The authors determined the influence of different precipita-
tion parameters (reactant nature, reactant addition, tempera-
ture, molarities and ultrasound) on product properties, such as
particle-size distribution.[127] Dietemann et al. described an
amorphous and porous structure highly agglomerated (Fig-
ure 21c,d). Evaluation of the drying process (frying oven,
freeze-drying and spray-drying) was also studied to improve
particle deagglomeration.
More recently, with the aim to gain insight into talc crystallo-
genesis, Dumas et al.[65] studied the talc precursor (from P3)
aged with time and temperature by XRD, FTIR and NMR spec-
troscopy and showed that talc precursor evolves structurally
with time in the (ab) plane while the stacking order in the c*
direction is limited (Figure 22). Contrary to LHbre[57] who de-
scribed talc precursor as a brucite sheet and few polymerized
silicon tetrahedra, an extended X-ray absorption fine structure
(EXAFS) study showed that Ni-talc precursor was a nanotalc
entity; the talc growth unit was constituted by 2–3 Ni-octahe-
dra distanced from each other by 3.07 a and 3–4 Si-tetrahedra
distributed on the top and bottom of the octahedral “sheet”
and distanced from Ni by 3.29 a.[128]
Simultaneously to the research of magnesium silicate precip-
itation for developing new materials, basic research on magne-
sium silicate was conducted in cement research. Magnesium
silicate hydrate gel having an Mg/Si ratio of 0.75 was precipi-
tated and characterized by NMR spectroscopy, XRD, FTIR and
SEM. This study aimed to offer structural information about
this phase that can be formed in cement.[129]
The magnesium silicate material obtained by precipitation is
considered as amorphous or as a short-range order material.
However, very little information has been obtained. Some stud-
ies of the effects of process parameters and treatments on
solid properties were performed with a view to adapt this ma-
terial for adsorption or reinforcement applications.
3.2. Properties and applications of short-range order nano-
talc
Synthetic amorphous nanotalc was developed to compete
with precipitated fumed silica as a filler for the reinforcement
of elastomers. It plays a very important role in new products
for adsorptive properties.[130] It is speculated that the materials
would permit a selective and very effective adsorption, notably
for cleaning wastewater of heavy metals and organic com-
pounds.[131]
Absorption
The works of Ciesielczyk et al.[125, 131,132] focused on applications
of amorphous nanotalc as an adsorbent of organic com-
Figure 21. a) XRD, and b) SEM images of synthetic magnesium silicate ob-
tained by Ciesielczyk et al. and c) XRD and d) SEM images of synthetic mag-
nesium silicate obtained by Dietemann et al. Reprinted with permission
from Springer (ref. [125]) and Elsevier (ref. [127]).
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pounds. Information was gained on the understanding of the
effect of some process parameters (temperature, reagent
dosing rate, substrate concentration, etc.) and solid treatment
(surface modification to introduce functional groups) on prop-
erties such as crystallinity, nitrogen-adsorption properties and
the ability to absorb diverse solvents (water, dibutyl phthalate
and paraffin oil).[125] The authors also studied the adsorption of
phenol on the surface of amorphous magnesium silicates. Au-
thors showed that adsorption abilities of amorphous nanotalc
are mainly due to its high specific area (500 m2g@1) and were
not influenced by surface treatment by organofunctional si-
lanes.[132]
In other studies, Ciesielczyk et al. highlighted the effects of
amorphous nanotalc treatment by nonionic additives[124] or by
silane.[126] All the modified samples became mesoporous after
treatment, which increased the surface activity of the solid[124]
and so the capacity of absorption of organic solvents (dibutyl
phthalate and liquid paraffin).[124,131] This increase of absorption
capacity of modified samples was linked with an increase in
lipophilicity which was a considerable advantage for good dis-
persion in a polymer matrix.
Polymer filler
Amorphous nanotalc was introduced as a filler in several matri-
ces such as SBR (styrene butadiene rubber)[130] or PP[22] with
the aim to study the mechanical properties of the nanocompo-
site material. Increase of the Young modulus and the elonga-
tion at break was observed when amorphous nanotalc was in-
troduced in SBR matrix.[130] These properties are improved
when the amorphous nanotalc is modified with a silane. Re-
garding the amorphous system nanotalc/PP, good dispersion
of the filler was observed and an increase of the Young modu-
lus and the elongation at break of the nanocomposite material
was obtained.[22]
Although synthetic nanotalc (after hydrothermal treatment)
is a well-studied product, little information about its precursor
(amorphous nanotalc) exists. Amorphous nanotalc reveals at-
tractive properties in polymers and absorption. By the same
token, the study of its deagglomeration could be interesting
to prevent synthetic talc agglomeration.
4. Talc-Like Structures
In the literature, organic–inorganic hybrid “talc” can be found
under the following terms: talc-like structure,[133,134] organic–in-
organic talc hybrid,[135–137] talc-like hybrid (TLH) and organo-
talc.[138] Mainly three methods allow the synthesis of this cova-
lently linked inorganic–organic phyllosilicate: i) one step sol–
gel synthesis, ii) grafting of organic molecules on talc, or iii)
precipitation step with an oxysilane soluble in water.
4.1. The sol–gel process
The sol–gel process is described as as “soft chemistry” since re-
actions occur at ambient temperature. In this process, a sol (or
solution) evolves towards a gel-like system containing both a
liquid phase and a solid phase.[139] The effectiveness of this pro-
cess is influenced by several parameters including tempera-
ture, pH, nature of solvent used, nature of catalyzer and metal-
lic precursor, as well as the concentration of reagents.[140–142]
Ebelman and Graham[143,144] were the first scientists to show
an interest in the sol–gel method for the synthesis of inorganic
materials (ceramic and glass) as early as the mid-1800s.[145] The
first synthesis of talc by this method was reported in 1995 by
Fukushima and Tani.[136] In view of the formation conditions of
talc in nature (high pressure and high temperature: 320 8C and
250 MPa for the deposit of Trimouns),[146–148] the synthesis of
talc at room temperature with a sol–gel process was a chal-
lenge. Indeed, in this process, low temperature is required be-
cause of the organic nature of the precursor, its thermal de-
Figure 22. Scheme of the structural evolution of the talc precursor with the temperature in both the c* direction and in the (ab) plane. Reprinted with permis-
sion from the ACS (ref. [128]).
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composition being usually below 200 8C.[149] Nowadays this
method is commonly used, as shown by the number of publi-
cationS on the subject over the last 10 years (more than 20
published papers).[133, 135,150–154]
The synthesis of functionalized talc consists in formulating in
a single step a lamellar material, the elementary layer of which
has a TOT structure identical to that of talc. The only difference
between natural or synthetic talc and this organo-“talc” is that
organic compounds are fixed on silicon atoms of the tetrahe-
dral layers as shown in Figure 23.[137]
Hydrated salts and organo-alcoxysilanes are used as precur-
sors for the octahedral layer and the tetrahedral layers, respec-
tively. Precursors are typically dissolved independently in an al-
coholic solution and mixed. During the precipitation, the for-
mation of a hybrid talc occurs by increasing the pH by soda
addition.[155–157] The sol–gel synthesis of talc is performed at
room temperature for 24 h by using organotrialkoxysilane
(RSi(OR’)3) as a silicon source, where R is the organic part and
R’ corresponds to ethoxy or methoxy groups.[137] For example,
linear alkyl,[158–160] functionalized linear alkyl[134,153,161] and
phenyl[162] have been employed for the synthesis of organo-
talcs (Table 1). This synthesis leads to talc with organic moieties
covalently linked to the silicon atoms of the tetrahedral sheets
and hanging in the interlayer space.[137]
In 1995, Fukushima and Tani[136] proposed a one-step synthe-
sis involving a sol–gel process to obtain an organotalc. They
realized an organotalc synthesis by dissolution of magnesium
chloride and an organoalcoxysilane in methanol. They ob-
tained a material with a talc structure which contains function-
al moieties @CH2@CH2@CH2@O@CO@CCH3=CH2. Similarly, Bur-
kett and Whilton[163] investigated a one-step synthesis of orga-
notalc using series of organoalkoxysilanes (Table 1) with lamel-
lar structures analogous to talc. In each case, the authors con-
firmed the layered structure of the organotalc by X-ray powder
diffraction (Figure 24). The observed reflections are broader
than those from natural talc, suggesting significant interlayer
disorder due to the presence of the organic moieties.
Ukrainczyk et al.[137,158] evidenced the role of the length of
the organic moiety in the ordering degree of talc-like hybrid:
the increase of the length of organic moiety induced an in-
crease of the ordering degree leading to a well-organized or-
ganotalc.
Fonseca et al.[135] were able to improve the condensation
rates and the crystallinity of organotalc by realizing the sol–gel
synthesis at 100 8C instead of working at room temperature.
Later, Silva et al.[134] realized the synthesis using organoalcoxysi-
lane (type urea) containing carbon chains with different
lengths. They showed that organoalcoxysilane behaves as an
anionic surfactant. Moreover, hydrophilic groups join to form
micelles which facilitate the formation of covalent bond Si@O@
Mg while allowing the growth of the lamellar structure.[134]
In a recent publication, Ciesielczyk et al.[165] confirmed the
strong influence of sol–gel process parameters on physico-
chemical properties of the resulting xMgO·ySiO2 materials (one
of these materials is similar to an organotalc). Figure 25 illus-
trates the three methodologies employed for the synthesis of
Figure 23. a) TOT layer structure of a natural talc, and b) proposed TOT layer
structure of an organotalc. Reprinted with permission from the RSC
(ref. [137]).
Table 1. Commonly used precursors for the organotalc synthesis with the sol–gel method.
Organosiloxanes Other compounds Conditions Reference
phenyltriethoxysilane (PTES)
(3-mercaptopropyl)trimethoxysilane (TTMS)
(3-aminopropyl)triethoxysilane (ATES)
(3-(methacryloxy)propyl)trimethoxysilane (MTMS)
mixtures of methyltriethoxysilane (MTES) and PTES
magnesium chloride hexahydrate
sodium hydroxide solutions
ethanolic solution
RT (24 h) Burkett et al.[163]
glycidylpropyltrimethoxysilane (EPTMS)
3-(2-aminoethyl-3-aminopropyl)trimethoxysilane (EDTMS)
1-propenyltrimethoxysilane (ALTMS)
dihydrotriethoxysilylpropyl-1H-imidazol (ITES)
magnesium chloride hexahydrate
sodium hydroxide solutions
ethanolic solution
RT (24 h) Whilton et al.[152]
tetraethoxyorthosilicate (TEOS)
3-aminopropyltrimethoxysilane (APTMS)
N-[3-(trimethoxysilyl)propyl]ethylenediamine (MSPEA)
magnesium chloride hexahydrate
sodium hydroxide solutions
ethanolic solution
RT (24 h) Patel et al.[154]
13-aminopropyltrimethoxysilane (APTMS)
tetraethoxyorthosilicate (TEOS)
magnesium nitrate hexahydrate
sodium hydroxide
ethanolic solution
100 8C 48 h Ferreira et al.[164]
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materials through the sol–gel method. They confirmed that
samples exhibiting the best morphology were obtained
through simultaneous dosing of TEOS and basic catalyst into
reaction system (II Variant).[165]
The sol–gel process allows the possibility to combine prop-
erties of organic and inorganic components. Very often the
sol–gel method is exploited for the preparation of hybrid ma-
terials. In fact, this synthesis allows hybrid materials
organic/inorganic to be obtained with a talc matrix
and with numerous functional organic moieties in-
serted in the interlayer space. The quality of these
organotalcs is considerably dependent on their
purity and particle size which can be designed pre-
cisely in sol–gel process.[153, 159] In view of the use of
expensive chemical precursors and especially the
use of excess caustic soda, the synthesis of talc with
sol–gel method is not industrially viable. Moreover,
the presence of high amounts of organic com-
pounds leads to materials having low crystallinity.
4.2. Applications of organotalc
Hybrid materials organic/inorganic with a clay matrix
have been studied for around thirty years. These ma-
terials are used as environmental barriers as pollu-
tant absorber,[166] as fillers in polymers,[167,168] as cata-
lytic supports or as chemical sensors.[169–171] The synthesis of or-
ganotalc was motivated by various applications for which nat-
ural talc is not or is less competitive. Although the organic
moieties covalently bound to the inorganic layer restrict the
use of high temperature, organotalc can find a broad range of
applications as detailed below.
Figure 24. XRD pattern of organotalc obtained by Burkett et al. Reprinted with permis-
sion from the ACS (ref. [163]).
Figure 25. Methodology of precipitation of xMgO·ySiO2 powders (0.64,x,0.99 and 0.83,y,1.00) by the sol–gel method according to Ciesielczyk et al. Re-
printed with permission from Springer (ref. [165]).
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Drug vector
The organofunctionalities of organotalc have been investigated
to improve biocompatibility of talc. For example, Yang et al.[170]
synthesized an organotalc (3-aminopropyl functionalized talc)
and incorporated a drug (flurbiprofen) into the interlayer space
using different drug/clay ratios. Flurbiprofen was selected as a
model drug because it is one of the widely used nonsteroidal
anti-inflammatory drugs. Their results suggested that the bio-
availability of flurbiprofen is improved by the use of organotalc
in the drug.
Polymer nanocomposite
The major advantage of organotalc is its ability to be exfoliat-
ed, which is an interesting property for polymer applications.
Mann et al.[172] showed that the delamination of organotalc
could be achieved by a simple ultrasound treatment in water
by creation of surface groups on lamella. Recently, Andrade
et al.[138] reported an increase up to 54 a of the organotalc in-
terlayer space by functionalization of the layers with dendrim-
ers. The growth of dendrons induced an increase of the inter-
lamellar space and a disorganization of lamella packing. The
authors highlighted the use of this dendron-talc in a gel elec-
trolyte for dye-sensitized cells (Figure 26).[173] Organotalcs play
also a promising role as additives in liquid electrolytes due to
their great chemical stability, exclusive swelling capacity and
ion-exchange potential. Moreover, Wang et al.[171] observed an
increase of the solar cell efficiency using organotalc gel elec-
trolyte compared to classic liquid electrolyte.
Pollutant trapping
Organotalc has also been synthesized for use in environmental
applications, such as the recovery of hazardous cations. The
preeminent features of talcs for pollutant trapping include
their specific areas associated with their small particle size.
However, the limitations of organotalcs as sorbents for heavy
metals are their low loading capacity, small metal-ion binding
constants and low selectivity to diverse types of metal.[133,174]
To bypass these limitations, organotalc has been functionalized
with chelating functions for example. Functionalization of or-
ganotalc has allowed both the heavy-metal blinding capacities
of organotalcs and their selectivity to specific metals to be en-
hanced. The reactivity of these organotalcs was mostly ex-
plored for cation removal, mainly those that contain nitro-
gen[175, 176] and sulfur[177] centers attached to the pendant
groups directly bonded to the inorganic matrix.[153] Organotalcs
with mercapto-groups have been demonstrated to be highly
efficient agents for heavy-cation removal.[178]
An organotalc containing nickel ions located in the octahe-
dral sheet was developed by Melo et al.[157] for barium adsorp-
tion by organic chains. Dey et al.[179] managed to synthesize an
organotalc with a silylating agent (GTPS-TU) containing both
nitrogen and sulfur as metal coordination sites and explored
the metal-sorption affinity (Cr, Mn, Zn, etc.).
Badshah et al.[133] used organotalc to investigate the sorption
of polluting cations in liquids. The organic chains of the syn-
thetic organotalc contained several chelating sites that were
used for divalent lead, copper and cadmium removal from
aqueous solutions.
4.3. The grafting of organic molecules on synthetic talc
In the second method, organo-grafted talc is obtained by for-
mation of covalent bonds between silanols functions (located
at the lateral surfaces of talc) and chemical compounds with
anhydride or alkoxysilane functions.[100,106,135,180] This chemical
grafting is made by condensation between the hydrolyzed or-
ganoalkoxysilane and few silanols bonds (Figure 27).
Very few studies report the organoalkoxysilane grafting on
talc. Da Fonseca et al.[181,182] highlighted the synthesis of
organo-grafted natural talc (thermally activated at 473 K under
vacuum for 24 h) using the coupling agents 3-aminopropyl-, N-
propylethylenediamine and N-propyltriethylenediaminetrimeth-
Figure 26. Scheme showing dendron-modified talcs to gel liquid electrolytes
and apply to dye-sensitized solar cells. Reprinted with permission from Elsev-
ier (ref. [173]).
Figure 27. a) Organoalkoxysilane hydrolysis, and b) condensation with talc. Reprinted with permission from reference [100].
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oxysilane in anhydrous conditions. Despite chemical inertness,
the authors obtained grafting rates from about 2.03 to
4.38 mmol per gram of talc depending on the organoalkoxysi-
lane grafted. The synthesized materials maintain the original
structure of talc (Figure 28) and organic compounds are sup-
ported on the lateral surface of talc.
As considered previously, Joncoux-Chabrol et al.[106] studied
the formation of covalently linked synthetic talc (P1) with two
organoalkoxysilanes (corrosion inhibitors: IM2H and HTDK,
Figure 29). The influence of synthetic inorganic–organic talcs
on the barrier properties of the coating deposited on carbon
steel was examined. According to the authors, some properties
of P1 talc-like product, such as the hydrophilic character, the
nanoscale and the specific surface can explain the improve-
ment of the barrier properties of the sol–gel coating.[99] More-
over, better dispersion of the materials in the sol compared to
the dispersion of natural talc was observed.
4.4. Hydrogel comprising an organic-talc hybrid
Two patents have been put forward that describe processes
that allow an organic–inorganic hybrid of magnesium silicate
with a talc structure to be obtained, in aqueous environment,
by replacing a part of the silicon precursor by an organic com-
pound soluble in water. The principle of these processes is the
same as the nanotalc synthesis (short-range order and crystal-
line nanotalcs), that is :
1) Formation of an organic-talc precursor by co-precipitation
in aqueous medium. It is a co-precipitation between a mag-
nesium salt, sodium metasilicate and an oxysilane soluble
in water, in order to have a Si/Mg atomic ratio equal to 4/
3.[183]
2) Hydrothermal treatment of this organic-talc precursor.[184]
This treatment is carried out at a temperature ideally be-
tween 240 and 250 8C improving the crystallinity of the
product (compared to hydrogel). This invention relates a
composition comprising functionalized talc particles in
which 1 to 75% of the silicon atoms are covalently bonded
to organic groups as illustrated in Figure 30.
The advantage of this process is to produce organic–inor-
ganic hybrid materials with important content in the organic
group. These inventions propose a simple and fast method
compatible with industrial constraints, without production of
polluting chemical compounds. Moreover, this invention is less
expensive than sol–gel process since the synthesis is realized
in an aqueous medium. Nevertheless, the choice of oxysilane
(organic functions) is limited due to its necessary water solubil-
ity. Compared to the grafting method, the quantity of organic
function is controlled since it depends on the proportion of or-
ganic precursor used for the precipitation. These inventions
also intend to offer a hydrogel that can be used as a support
of ionic liquid (SIL) in catalysis.
5. Conclusions and Outlook
This contribution offers a comprehensive review of the differ-
ent types, the synthesis methods and the applications of syn-
thetic nanotalc. Table 2 summarizes the main features of the
crystalline nanotalc, the short-range order nanotalc and the or-
ganic talc-like structure.
Ultimately this Review provides the opportunity to redefine
the main characteristics of talcous material and to distinguish
natural talc mineral and synthetic talc. The term “talc” refers to
the natural mineral structure with the following characteristics:
i) a silicon/magnesium molar ratio of 4/3, ii) a (001) ray situated
around 9.3–9.4 a which does not vary after ethylene glycol
treatment (definition of a non-swelling phyllosilicate), and iii) a
(06l-33l) ray of around 1.51–1.54 a (characteristic of a trioctahe-
dral phyllosilicate).
This Review evidences that this talc-mineral structure is an
inspiring force for the development of new materials.
Figure 28. XRD of: a) talc and grafted talc using b) TC1, c) TC2 and d) TC3. Re-
printed with permission from Elsevier (ref. [181]).
Figure 29. Structure of : a) N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole
(IM2H), and b) 2-hydroxy-4-(3-triethoxysilylpropoxy)-diphenylketone (HTDK).
Reprinted with permission from reference [100] and the RSC (ref. [106]).
Figure 30. Chemical formula of the organic group covalently bounded to sil-
icon atoms of the organic–inorganic hybrid talc. Reprinted with permission
from reference [184] .
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Synthetic nanotalc is an innovative product due to its high
purity, its submicronic size and its tunable hydrophilic charac-
ter (leading to the first fluid mineral). These unique characteris-
tics account for the reason for the great research interest in
this area. In recent decades, synthetic talc has evolved from a
geological model tool to a geo-based advanced material filler.
This evolution has led to improvements in its synthesis tech-
niques. Presently, a new process allows the crystalline nanotalc
synthesis in only a few tens of second. Regarding its applica-
tions, nanotalc has been tested, in its aqueous gel or powder
form, in many areas from polymer to cosmetic industries. This
innovative material has been approved in various specific ap-
plications as demonstrated by the numerous application
patent deposits.
The main challenges that remain are how to delaminate the
nanotalc and to scale-up the synthesis process for industrial
production. The first challenge can be enlightened by deag-
glomeration of the talc precursor or by intercalation of organic
compounds in the interspace layer using organotalc. For the
second challenge, supercritical fluid technology appears to be
one of the most promising solutions.
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Abstract
Five talc samples [(Mg,Ni)3Si4O10(OH)2] covering the entire Mg–Ni solid solution were synthesized following a recently 
developed and patented process (Dumas et al., Process for preparing a composition comprising synthetic mineral particles 
and composition, 2013a; Procédé de préparation d’une composition comprenant des particules minérales synthétiques et 
composition, 2013b), which produces sub-micron talc particles replying to industrial needs. Near- and mid-infrared spectra 
were collected and compared to infrared spectra modeled from first-principles calculations based on density functional theory. 
The good agreement between experimental and theoretical spectra allowed assigning unambiguously all absorption bands. 
We focused in particular on the four main OH stretching bands, which represent good probes of their local physical and 
chemical environment. The description of the vibrational modes at the origin of these absorption bands and the theoretical 
determination of absorption coefficients provide a firm basis for quantifying the talc chemical composition from infrared 
spectroscopy and for discussing the distribution of divalent cations in the octahedral sheet. Results confirm that these syn-
thetic talc samples have a similar structure as natural talc, with a random distribution of Mg and Ni atoms. They only differ 
from natural talc by their hydrophilic character, which is due to their large proportion of reactive sites on sheet edges due to 
sub-micronic size of the particles. Therefore, the contribution on infrared spectra of hydroxyls adsorbed on edge sites has 
also been investigated by computing the infrared signature of hydroxyls of surface models.
Keywords Talc · Hydrothermal synthesis · Infrared spectroscopy · First-principles calculation · DFT
Introduction
Talc is a trioctahedral phyllosilicate with the structural for-
mula  Mg3Si4O10(OH)2. A representation of its structure can 
be found for instance in Dumas et al. (2015), where we see 
the octahedral sheet containing Mg atoms sandwiched by 
two tetrahedral sheets containing Si atoms. In talc, each 
hydroxyl group is bonded to three octahedral cations (Mg) 
and is oriented perpendicular to the (ab) plane (i.e., plane 
defined by talc sheets).
Natural talc is used in many industrial applications, in 
particular as filler in composite materials to reduce the 
production costs and possibly to improve their physical 
and chemical properties (Claverie et al. 2017). However, 
natural talc has important limitations. It contains minor or 
trace elements (Martin et al. 1999), and is often associated 
with other minerals like chlorite, chrysotile, pyrite, graphite, 
calcite or amphibole. Furthermore, industrial applications 
usually require small and homogeneous particles. This can-
not be achieved by grinding natural talc since the crystal 
structure becomes amorphized. These limitations were 
circumvented by developing a new process to synthesize 
sub-micron talc particles (Dumas et al. 2013a, b, 2016; Clav-
erie et al. 2017). These syntheses produce a single-phased 
chemically pure product from a short hydrothermal treat-
ment (from a few seconds to few hours). Providing talc prod-
ucts of accurately controlled chemical compositions, and at 
the same time, an inexpensive and convenient method to 
verify this composition would increase the industrial appli-
cations. In this aim, we investigate here the Mg–Ni series by 
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infrared spectroscopy, building on the work by Dumas et al. 
(2015). This previous study focused on the transformation 
mechanism from the amorphous talc precursor to crystal-
line synthetic talc, using samples with 50% and 100% Ni 
substitution.
We report here the infrared spectroscopic investigation 
of synthetic talc samples with five compositions spanning 
the entire Mg–Ni solid solution. The measured spectra are 
discussed in light of the modeling of the infrared spectra 
of Mg–Ni talcs from first-principles calculations based on 
the density function theory. A special attention is given to 
the absorption bands related to OH stretching vibrations in 
the near- and mid-infrared regions, since OH groups of talc 
are known to be a good probe of the local chemical envi-
ronment (e.g., Wilkins and Ito 1967; Petit et al. 2004a, b; 
Martin et al. 2006). Since the pioneer work of Wilkins and 
Ito (1967), the four OH absorption bands observed in binary 
octahedral solid solutions of talc are assigned to OH groups 
characterized by their specific cationic environment. These 
bands can be used to derive the chemical composition of 
talc and to discuss the distribution of the magnesium and the 
substituting ion between the two crystallographically distinct 
octahedral sites. The present theoretical modeling of infrared 
spectra provides new insights on these applications. Sub-
micron talc particles are characterized by a large proportion 
of edge surfaces with many reactive sites. This explains the 
observed hydrophilic character of synthetic talc compared to 
the well-known hydrophobicity of natural talc (Dumas et al. 
2013c, 2016; Claverie et al. 2017). To improve our under-
standing of the infrared spectra of synthetic talcs, we also 
modeled the infrared signature of OH and  H2O adsorbed on 
particle edge sites.
Materials and methods
Samples preparation
The star ting mater ials for the co-precipitation 
exper iments were magnesium acetate tetrahy-
drate (Mg(CH3COO)2·4H2O), nickel acetate tetrahy-
drate (Ni(CH3COO)2·4H2O), sodium metasilicate 
pentahydrate  (Na2SiO3·5H2O), sodium acetate trihydrate 
 (NaCH3COO·3H2O), and acetic acid. All reagents were 
purchased from Aldrich and used without any further puri-
fication. A 1N solution of glacial acetic acid was prepared 
using deionized water.
Five samples of synthetic talc (labeled Ni0, Ni25, Ni50, 
Ni75 and Ni100, according to the mol % Ni targeted) were 
prepared using the process describes in patent of Dumas 
et al. (2013a, b). Synthetic talc preparation was achieved in 
two steps. First, a talc precursor was prepared at room tem-
perature and atmospheric pressure with the right (Mg + Ni)/
Si talc ratio (Table 1). Second, a hydrothermal treatment at 
300 °C and 86 bar during 6 h transformed the precursor into 
synthetic talc. Before analysis, samples were centrifuged and 
rinsed to remove any traces of sodium acetate salt.
Characterization
X-ray diffraction analysis (XRD) was performed on dried 
talc powders using the side-loading procedure to minimize 
preferential orientations. The XRD patterns were recorded 
on a Bruker D2 Phaser diffractometer over the 0–80°2θ 
CuKα1+2 angular range, with a step size of 0.02°2θ and a 
0.5 s count time per step.
The Fourier transformed infrared spectroscopy in the 
near-infrared region was recorded with 32 scans at a reso-
lution of 4 cm−1 between 4000 and 10,000 cm−1 using a 
Thermo Nicolet 6700 FTIR spectrometer (Services Com-
muns de Chimie, UPS, University of Toulouse) with a smart 
NIR Integrating Sphere (CaF2 beam splitter and InGaAs 
detector). No specific sample preparation was needed.
Mid-infrared spectra were recorded with a Thermo 
Nicolet 6700 FTIR spectrometer equipped with a DLaTGS 
detector using a transmission mode. The spectral condi-
tions consisted in a resolution of 4 cm−1 between 400 and 
4000 cm−1 using 16 scans. Sample powders were diluted 
into KBr pellets.
Regions of OH stretching modes were analyzed using 
the Fityk program (Wojdyr 2010) to decompose the infra-
red signal into pseudo-Voigt components. The baseline was 
defined around the two regions where vibrational modes are 
related to structural OH groups (i.e., 6900–7300 cm−1 in 
Table 1  Starting materials 
used for the preparation of talc 
precursors
Sample Sodium metasilicate 
pentahydrate (mol)
Magnesium acetate 
tetrahydrate (mol)
Nickel acetate 
tetrahydrate 
(mol)
Acetic acid (ml) Sodium acetate 
trihydrate (g)
Ni0 0.10 0.075 0.000 50.0 50.0
Ni25 0.10 0.056 0.019 50.0 50.0
Ni50 0.10 0.038 0.038 50.0 50.0
Ni75 0.10 0.019 0.056 50.0 50.0
Ni100 0.10 0.000 0.075 50.0 50.0
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near-infrared and 3610–3730 cm−1 in mid-infrared, respec-
tively). During the decomposition, the number of compo-
nents was kept as minimal as possible.
Computational methods
Structural relaxations and calculation of vibrational proper-
ties were performed within the framework of the density 
functional theory (DFT), using periodic boundary conditions 
and the generalized gradient approximation (GGA) to the 
exchange–correlation functional, with the PBE parameteri-
zation (Perdew et al. 1996). The ionic cores were described 
using the latest version of ultrasoft pseudopotentials from 
the GBRV library (Garrity et al. 2014). Wave functions 
and charge density were expanded in plane-waves with 40 
and 240 Ry cutoffs, respectively, corresponding to a con-
vergence of the total energy better than 1 mRy/atom. For 
the electronic integration, the Brillouin zone of the triclinic 
talc unit cell (space group C-1) was sampled using a shifted 
4 × 2 × 2 k-points grid. For Ni-bearing talc, calculations were 
spin-polarized and set up to the ferromagnetic structure. The 
structure relaxations and vibrational mode calculations were 
done using the PWscf and PHonon codes of the Quantum 
ESPRESSO package (Giannozzi et al. 2009; http://www.
quant um-espre sso.org). During the relaxations, forces on 
atoms were minimized to less than  10−4 Ry/a.u. Transmis-
sion infrared spectra were calculated using an electrostatic 
model similar to the one developed by Balan et al. (2001, 
2008a). This approach is based on the ab initio calculation 
of the low-frequency dielectric tensor, which requires the 
frequencies and atomic displacements of the normal vibra-
tional mode and dielectric quantities (Born effective charges 
and electronic dielectric tensor), all computed within the 
harmonic approximation using the linear response theory 
(Baroni et al. 2001) as implemented in the PHonon code. To 
avoid the divergence of the low-frequency dielectric tensor 
at the resonance frequencies, we used a damping coefficient 
arbitrarily fixed to 2 cm−1 (cf Eq. 1 of Balan et al. 2001).
Talc unit cell contains 6 Mg atoms in the octahedral sheet. 
To investigate the Mg–Ni series, starting from this pure Mg-
talc, we substituted 1, 3, 5 or 6 Mg atoms by Ni atoms, 
leading to structural models corresponding to talcs with 
Ni concentrations of 0.0, 16.7, 50.0, 83.3 or 100.0 mol%, 
respectively (the theoretical models were labeled Ni0, Ni17, 
Ni50, Ni83 and Ni100, respectively).
In addition to the investigation of the vibrational prop-
erties of bulk Mg–Ni talcs, we also explored the infrared 
signature of hydroxyl groups and water molecules remaining 
adsorbed on edge sites of small talc particles even after dry-
ing of talc powders. To this aim, we also built two surface 
models [surfaces (100) and (010)] for the two end members 
of the Mg–Ni series. We adopted a supercell approach, in 
which a slab bounded by either (100) or (010) surfaces was 
cut from the optimized bulk structure of either Mg-talc or 
Ni-talc. Slabs were cut in a manner for preserving the tet-
rahedral coordination of Si atoms and the octahedral coor-
dination of Mg or Ni atoms. Protons were then added to 
surface O atoms to compensate the O charge, which leads 
to neutral slabs containing 92 or 99 atoms for the (010) or 
(100) surfaces, respectively. The slab surfaces were sepa-
rated from their adjacent images by a vacuum gap of at least 
9 Å. The four triclinic simulation cells have the following X, 
Y, Z dimensions: 21.40, 9.27, 10.12 Å for the (100) surface 
of Mg-talc, 5.35, 27.80, 10.12 Å for the (010) surface of 
Mg-talc, 21.31, 9.24, 9.67 Å for the (100) surface of Ni-talc, 
and 5.33, 27.72, 9.67 Å for the (010) surface of Ni-talc. Sur-
face relaxation was performed at constant volume and with 
a Brillouin zone sampling reduced to a single point in the 
direction perpendicular to the surface. Vibrational properties 
were computed only for OH stretching modes.
Results and discussion
Structural properties
X-ray diffraction patterns were collected on the five syn-
thetic talc samples (Fig. S1). Each pattern shows inter-retic-
ular distances characteristic of 001, 003 and 02l-11l reflec-
tions of talc structure (e.g., Dumas et al. 2015). No other 
mineral phase is detected. One can note that 001 and 003 
peaks become sharper and more intense with increasing Ni 
content, which reflects a progressive increase in the crystal-
linity degree, as previously observed by Martin et al. (1992).
Table 2 compares the experimental and DFT-optimized 
values of cell parameters and mean bond lengths for the Mg 
end member of talc. In our calculations, a and b cell parame-
ters are overestimated by 1% while α, β, γ angles are slightly 
underestimated by less than 0.4%. These trends are similar to 
those observed by Ulian et al. (2013). The only discrepancy 
is the significant overestimation of the c cell parameter, but 
this larger interlayer space does not affect the interatomic 
bond lengths that are only 1% larger than their experimental 
Table 2  Calculated (this study) 
and experimental (Perdikatsis 
and Burzlaff 1981) cell 
parameters and mean bond 
lengths of Mg-talc
Calc. Exp.
a (Å) 5.349 5.290
b (Å) 9.268 9.173
c (Å) 10.116 9.460
α (°) 90.35 90.46
β (°) 98.28 98.68
γ (°) 90.01 90.09
Si–O (Å) 1.642 1.623
Mg–O (Å) 2.090 2.071
O–H (Å) 0.977 –
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counterparts. It is well-known that standard DFT does not 
capture accurately van der Waals interactions that govern 
the cohesion of talc layers. However, Larentzos et al. (2007) 
already demonstrated that first-principles calculations using 
DFT-GGA functionals are sufficiently accurate in predicting 
the mineral structure and vibrational properties of talc.
In the solid solution of interest, Mg atoms are progres-
sively substituted by Ni atoms in octahedral sites. Because 
the ionic radius of  Ni2+ (69 pm) is slightly smaller than 
the one of  Mg2+ (72 pm), we obtain a mean Ni–O bond 
length (2.07 Å in the Ni100 model) slightly shorter than the 
mean Mg–O bond length (2.09 Å in the Ni0 model). This 
decrease is in agreement with the values derived experi-
mentally [2.055 Å for the Ni-talc according to the EXAFS 
analysis of Dumas et al. (2015), and 2.071 Å for the Mg-talc 
according to Rietveld refinement of X-ray diffraction pat-
terns on large Mg natural talc single crystal of Perdikatsis 
and Burzlaff (1981)]. Thus, the Mg–Ni substitution leads to 
a slight contraction of the crystal lattice. Cell parameters a 
and b decrease from 5.35 to 5.33 Å, and from 9.27 to 9.24 Å, 
respectively (Fig. 1).
Infrared spectra of Mg‑talc and Ni‑talc
Experimental infrared spectra of Mg-talc (sample Ni0) and 
Ni-talc (sample Ni100) are shown in Fig. 2. The higher 
Fig. 1  DFT optimized cell parameters of talc as a function of the 
Ni molar concentration. Angles (α = 90.35°, β = 98.28°, γ = 90.01°) 
remain nearly constant over the Mg–Ni series
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Fig. 2  Experimental (top) and theoretical mid-IR absorption spectra 
of Mg-talc (sample and model Ni0) and Ni-talc (sample and model 
Ni100). Spectra have been computed for three particle shapes: a plate 
perpendicular to the c* axis, a sphere and an intermediate shape. The 
trace of the imaginary part of the dielectric tensor computed for an 
infinite crystal (bottom) serves as reference and indicates the fre-
quency of normal modes in absence of the depolarization field occur-
ring in small particles
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degree of crystallinity of Ni-talc already mentioned from 
the X-ray diffraction patterns is also visible in infrared spec-
troscopy. Absorption bands are sharper in Ni-talc. Above 
3000 cm−1, spectra are characterized by a broad band with 
its maximum at 3438 cm−1 and a sharp band at higher fre-
quency (3677 cm−1 in Mg-talc and 3627 cm−1 in Ni-talc). 
Below 1200 cm−1, we can observe three groups of absorp-
tion bands at about 1000, 700 and 450 cm−1. The striking 
difference between the spectra of Mg-talc and Ni-talc is in 
the group of bands around 700 cm−1. Mg-talc displays a 
unique band at 670 cm−1 while Ni-talc shows two bands at 
668 and 710 cm−1.
Infrared spectra have also been computed from first-
principles calculations on models Ni0 and Ni100, taking 
into account the shape of talc particles. Indeed, for particles 
smaller than the infrared wavelength (sub-micron particles), 
the electric field (depolarization field) induced by surface 
charges in the polarized particles shifts the absorption bands 
and affects their intensity with respect to the resonances of 
the dielectric tensor of the bulk mineral (e.g., Balan et al. 
2008a). These resonances of the dielectric tensor correspond 
to the spectra at the bottom of Fig. 2. Three particle shapes 
have been considered: a plate perpendicular to the c* axis, a 
sphere and an intermediate shape (oblate spheroid). The cor-
respondence between theoretical and experimental absorp-
tion bands is straightforward (Fig. 2). For Mg-talc, the plate 
shape provides the best description of the bands observed at 
670, 538 and 450 cm−1, and in particular their spacings. For 
Ni-talc, only the plate shape gives the right ratio of intensity 
between the two bands at 668 and 710 cm−1 and in the same 
time, the intense and rather symmetric band at 1030 cm−1. 
This suggests that the particles of the synthetic sub-micron 
talc samples reflect their layered structure and probably have 
only few talc sheets. A large staking of talc sheets relative 
to the lateral extension of the particle would approach the 
sphere model instead.
Looking at the theoretical vibrational modes enables us 
to assign the observed absorption bands. The sharp band 
above 3600 cm−1 corresponds to the stretching vibration 
of the structural OH groups. The difference in wavenum-
ber between calculated and observed OH bands is at least 
partly explained by the anharmonicity. OH stretching vibra-
tions show a certain degree of anharmonicity while calcu-
lations are performed within the harmonic approximation. 
The broad band around 3438 cm−1 is not related to the talc 
structure. It is usually assigned to weakly bound water and 
will be discussed further. The normal mode calculated at 
about 900 cm−1 (bottom spectrum of Fig. 2) corresponds to 
a Si–O stretching mode polarized along the c* axis while 
the more intense band calculated at ~ 980 cm−1 is due to 
two degenerated Si–O stretching modes polarized in the (ab) 
plane. For the plate shape, the band at ~ 980 cm−1 remains 
at the same position while the band at ~ 900 cm−1 shifts to 
higher wavenumbers. The two bands become superimposed 
in Ni-talc, which contributes to the strong intensity and sym-
metry of the band observed at 1030 cm−1. While in Mg-talc, 
the mode polarized along the c* axis appears at even higher 
wavenumber than the modes polarized in the (ab) plane, thus 
explaining the asymmetric shape of the band observed at 
1018 cm−1 with a shoulder at ~ 1060 cm−1. At lower wave-
number, the band at 670 cm−1 in Mg-talc and 710 cm−1 in 
Ni-talc corresponds to OH libration motions. Our analysis 
of the theoretical data also shows that in Ni-talc, even if the 
band observed at 668 cm−1 appears in the same region, the 
vibrational mode involved is fundamentally different. This 
band corresponds to a lattice mode polarized along the c* 
axis and involving Ni, O and H atoms. In Mg-talc, the same 
mode (involving now Mg, O, H atoms) gives rise to the band 
observed at 538 cm−1. Finally, the most intense doublet at 
~ 450, 467 cm−1 is assigned to lattice modes polarized in the 
(ab) plane and involving all atoms.
Infrared spectra of OH stretching bands in the Mg–
Ni series
Figure 3 reports the measured near-infrared and mid-infrared 
spectra in the range of the first overtones and fundamentals 
OH stretching modes for the five synthetic samples. Both 
spectra look very similar with the presence of up to four 
main absorption bands. The decomposition of all spectra 
required considering, in addition to these four bands, two 
less intense contributions on the high frequency side (at 
7226 and 7206 cm−1 for the first overtones, and at 3716 
and 3687 cm−1 for the fundamental modes). These contribu-
tions were assigned to OH groups on sheet edges by Dumas 
et al. (2013c). The spectra decompositions can be found 
in supplementary information (Figs. S2 and S3), and the 
derived data for the four main OH bands are compiled in 
Table 3. These absorption bands remain nearly at the same 
wavenumbers over the entire solid solution (at 3677, 3662, 
3646 and 3627 cm−1 for the fundamental modes). However, 
as reported by Wilkins and Ito (1967) for well-crystallized 
synthetic samples, a closer look indicates that the separation 
between bands slightly decreases when Ni content increases. 
This variation does not exceed 3 cm−1 over the entire com-
positional range. It is possible to assess the anharmonicity 
of OH vibrations from the wavenumbers of fundamental 
modes ( WνOH ) and first-overtones ( W2νOH ), by calculating the 
anharmonicity constant, X = W
2νOH∕2 −WνOH (Bourdéron 
and Sandorfy 1973). Results are given in Table 3. Consid-
ering the standard deviations, we found the anharmonicity 
constant to be the same for all OH stretching modes and for 
all compositions, X = − 85.0 ± 2.2 cm−1 (2σ). It is in good 
agreement with the value found by Petit et al. (2004b) for 
various natural and synthetic talcs, X = − 86.0 ± 2.5 cm−1. 
The anharmonicity constant being independent on the clay 
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chemistry, these authors could apply this relation to improve 
the interpretation of the near-infrared spectra of other phyl-
losilicates like smectite and kaolinite polymorphs.
Figure 3 also shows the theoretical spectra obtained for 
the talc models considered. Talc unit cell contains six octa-
hedral sites (2 M1 sites and 4 M2 sites). For the Ni17 model, 
one Ni atom was placed in either M1 or M2 site. The two 
spectra are equivalent. In a similar manner, the Ni83 model 
corresponds to one Mg atom placed in either M1 or M2 site, 
which leads to the same spectrum. For the Ni50 model, sev-
eral configurations of the three Ni atoms over the six octa-
hedral sites have been tested, and the two spectra obtained 
are shown in Fig. 3. Theoretical spectra, like measured ones, 
display up to four absorption bands. We can already note 
that the distribution of the cations on the octahedral sites 
affects significantly the infrared spectrum (number of bands 
and their intensities). For a given composition, the limited 
size of the simulation cell imposes an ordered cation dis-
tribution that does not reflect the distribution occurring in 
synthetic or natural samples. This explains the differences 
observed between experimental and theoretical spectra in 
Fig. 3. Wavenumbers and absorbances derived from the the-
oretical spectra are listed in Table 4. Talc unit cell contains 
four hydroxyl groups. Due to their position perpendicular 
to the layers, all OH stretching modes are polarized along 
the c* axis. Each hydroxyl group is bonded to three octa-
hedral cations. To know which hydroxyl group is involved 
in each vibrational mode, we calculated the displacement 
of each of these four H atoms (Table 4). Results confirm 
unambiguously the assignment of the four main absorption 
bands. From high to low frequency, the four bands corre-
spond to the stretching vibration of hydroxyl groups bonded 
to 3Mg, 2Mg1Ni, 1Mg2Ni, and 3Ni atoms. The present data 
also demonstrate that there is no coupling between hydroxyl 
groups with distinct cationic environments. These conclu-
sions fully support the interpretation of Wilkins and Ito 
(1967).
Water adsorption on edge sites
Natural talc is known to be hydrophobic in relation with 
its sheet-like morphology of few tens of micrometers wide 
(Fig. 4). Indeed the very large basal hydrophobic surface 
dominates over the lateral surfaces (sheet edges), which 
display, however, many reactive sites and a hydrophilic 
behavior. Talc particles synthesized here conserve their 
sheet-like morphology but present sub-micron sizes. As 
illustrated in Fig. 4, the particles size decreases drastically 
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and concomitantly the proportion of sheet edges increases 
making the hydrophilic behavior measurable. This is clearly 
evidenced by thermogravimetric analyses (Dumas et al. 
2013c). While natural talc has a single loss of weight around 
950 °C corresponding to its destabilization, synthetic sub-
micron talc undertakes two additional losses before 150 and 
450 °C, attributed first to physisorbed water and second to 
silanols (Si–OH) and magnesium hydroxides (Mg–OH) on 
the sheet edges. This previous study employed spectroscopic 
techniques (nuclear magnetic resonance and infrared spec-
troscopies) to access the edges contributions of synthetic 
sub-micron Mg-talc. In 1H NMR spectra, two new narrow 
and distinct peaks were interpreted as associated to phys-
isorbed water and silanol groups. In near-infrared spectra, 
two small contributions at 7200 and 7230 cm−1 (next to the 
band at 7185 cm−1 of structural OH groups) were assigned to 
OH groups on edge sites, i.e., Si–OH and Mg–OH, respec-
tively. To investigate further the influence of sheet edges on 
the infrared spectra, we built surface models with several 
distinct hydroxyl groups (OH bonded to one Si, to one Si and 
one Mg, or to two Mg) and water molecules chemisorbed on 
a Mg site (Fig. 5). These models do not consider physisorbed 
water molecules.
During the structural optimization of both surfaces (100) 
and (010) of Ni-talc, a water molecule desorbed. This mol-
ecule was removed before calculating the vibrational proper-
ties. Therefore, the surface relaxation differs between Ni-talc 
and Mg-talc. The final arrangement of hydroxyl groups is 
different. Results analysis indicates that hydroxyl groups 
pointing outward vibrate at a frequency close to the struc-
tural hydroxyl groups. On the contrary, Si–OH groups point-
ing toward another talc layer or OH groups pointing toward 
another O atom of the sheet edge vibrate at lower frequency. 
The stronger the hydrogen bond formed, the lower the fre-
quency of the associated absorption band. These results sug-
gest that the observed broad band centered at 3440 cm−1 
is due not only to the physisorbed water molecules (not 
Table 3  Infrared-active OH stretching modes of Mg–Ni talc samples: 
wavenumber (W in  cm−1) and relative integrated absorbance (A) for 
the fundamental ( νOH ) and first overtone bands ( 2νOH ), anharmo-
nicity constant calculated as follow X = W
2νOH∕2 −WνOH (Bourdé-
ron and Sandorfy 1973)
Data derived from the spectra decomposition shown in supplemen-
tary information (Figs S2 and S3)
Sample WνOH AνOH W2νOH A2νOH X
Ni0 3677 1.00 7184 1.00 − 85
Ni25 3676 0.52 7184 0.43 − 84
3662 0.33 7154 0.35 − 85
3646 0.15 7119 0.19 − 86.5
– – 7077 0.03 –
Ni50 3676 0.17 7185 0.18 − 83.5
3662 0.41 7156 0.34 − 84
3646 0.33 7121 0.34 − 85.5
3625 0.10 7078 0.14 − 86
Ni75 3676 0.03 7183 0.05 − 84.5
3662 0.25 7157 0.14 − 83.5
3647 0.43 7122 0.30 − 86
3625 0.28 7079 0.51 − 85.5
Ni100 3646 0.20 7123 0.17 − 84.5
3627 0.80 7080 0.83 − 87
Table 4  Theoretical infrared-
active OH stretching modes of 
talc models: wavenumber (W in 
 cm−1), normalized displacement 
(a.u.) of each of the four H 
atoms of the simulation cell 
defined by their cationic 
environment, integrated molar 
absorption coefficient (Kint in 
 Lmol−1 cm−2) and contribution 
of each mode to the total 
absorbance (%)
Model W Norm. displ. and neighbor cations Kint
3 Mg 3 Mg 3 Mg 3 Mg 8117
Ni0 3848 0.49 0.49 0.48 0.48 100%
3 Mg 3 Mg 2Mg1Ni 2Mg1Ni 8958
Ni17 3849 0.69 0.69 0.03 0.03 49.7%
3826 0.03 0.03 0.69 0.69 50.3%
3 Mg 2Mg1Ni 1Mg2Ni 3Ni 9327
Ni50a 3851 0.97 0.02 0.01 0.01 22.4%
3828 0.02 0.97 0.02 0.01 24.5%
3799 0.01 0.02 0.97 0.01 26.3%
3762 0.01 0.01 0.01 0.97 26.8%
2Mg1Ni 2Mg1Ni 1Mg2Ni 1Mg2Ni 9778
Ni50b 3827 0.81 0.53 0.01 0.01 47.5%
3797 0.01 0.01 0.74 0.63 52.5%
1Mg2Ni 1Mg2Ni 3Ni 3Ni 9377
Ni83 3800 0.69 0.69 0.01 0.01 52.6%
3762 0.01 0.01 0.69 0.69 47.4%
3Ni 3Ni 3Ni 3Ni 8868
Ni100 3765 0.49 0.49 0.48 0.48 100%
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modeled here), but also to the multitude of geometries of 
hydroxyls chemically adsorbed on edge sites. In experimen-
tal studies investigating the infrared absorption bands related 
to structural OH groups, the spectrum baseline is defined 
in such a way that the contribution of the broad band is 
removed, but small features remain on the high-frequency 
side. As mentioned above, Dumas et al. (2013c) looked at 
these small bands in the near-infrared region for synthetic 
Mg-talc. Above the structural OH band (7185 cm−1), the two 
weak bands at 7200 and 7230 cm−1 were assigned to Si–OH 
and Mg–OH, respectively. It is worth mentioning that, in the 
mid-infrared region, our calculations lead to similar features. 
Above the structural OH band calculated at 3848 cm−1, we 
found two weak bands at 3873 and 3885 cm−1 related to 
Si–OH and  Mg2–OH groups, respectively.
Quantification of the chemical composition
The four main OH stretching bands are now unambigu-
ously attributed to specific structural OH groups defined by 
their cationic environment. For the mid-infrared region, the 
bands at 3677, 3662, 3646 and 3627 cm−1 are related to 
hydroxyl groups bonded to 3Mg, 2Mg1Ni, 1Mg2Ni, 3Ni 
atoms, respectively. To use the relative absorbance of these 
bands (i.e., ratio of bands areas) to quantify the concen-
tration of each of the hydroxyl types and, therefore, the 
chemical composition of the talc, one has to assume that 
the absorption coefficients of these different hydroxyls are 
the same whatever the local chemistry around OH groups. 
This is generally assumed in most experimental studies 
(e.g., Petit et al. 2004a). However, it has been shown (Balan 
et al. 2008b) that considering many minerals, absorption 
coefficients of OH stretching modes globally decrease with 
increasing frequency. This assumption of constant absorp-
tion coefficients can be checked from our theoretical study.
Theoretical molar absorption coefficients, Kint, and the 
relative integrated absorbances for each vibrational mode 
(i.e., each OH band) are given in Table 4. We can note that 
with a mean value of Kint = 9071  Lmol−1 cm−2, the talc OH 
groups have an absorption coefficient similar as inner OH 
groups of lizardite and clinochlore (Balan et al. 2008b). 
Most importantly, if we look at the relative absorbance of 
each OH band for a given sample, we see variations, but 
these variations do not follow systematic trends. In model 
Ni17, both bands contribute almost equally to the total 
absorbance. In model Ni50a, bands with lower wavenum-
bers contribute slightly more (up to 26.8%) than bands with 
higher wavenumbers (down to 22.4%). But this trend is 
opposite in model Ni83. We can consider these variations 
either as inherent to the configurations investigated or due 
to the uncertainty of the calculation (absorption coefficients 
are properties extremely sensitive to the structural optimiza-
tion). To clarify this point, we estimate the composition of 
these fully constrained models from these values of relative 
absorbance. Table 5 shows for instance for the model Ni50a, 
that the calculated relative absorbances lead to a composi-
tion of 52.5 mol% Ni, different from the expected 50 mol% 
Ni that one obtains if OH band contributes equally to the 
Fig. 4  Scanning electron 
microscope images taken at the 
same scale of a natural talc (a) 
and a talc synthesized using the 
present protocol (b) (images 
from F. Martin’s library). c 
Schematic representation of a 
talc particle (left) and the same 
particle split in four (right), 
highlighting that the basal 
surface remains constant in both 
cases while lateral surfaces are 
doubled. This explains why the 
hydrophilic character of talc 
increases when the size of talc 
particles decreases
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Fig. 5  Structural models of the (100) and (010) surfaces of Mg-talc (left) and Ni-talc (right), with the corresponding theoretical IR spectra of 
OH and  H2O groups. Experimental IR spectra in the 4000–2700 cm−1 range are shown for comparison (top)
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total absorbance. The present theoretical results suggest that 
the small observed variations are related to computational 
uncertainties and, therefore, that the assumption of a con-
stant absorption coefficient whatever the cationic environ-
ment around the hydroxyls is correct.
The procedure is applied to the synthetic samples and 
talc compositions obtained from the relative integrated 
absorbances of either the fundamental modes or the first-
overtone modes are compared (Table 6). Assuming that 
during the synthesis process, all nickel is incorporated 
into the talc particles, we find that results from the near-
infrared region are sensibly better than those from the 
mid-infrared region. They provide the correct composi-
tion within 2 mol%. Only sample Ni100 shows a larger 
difference of 6 mol% between the expected composition 
and the one derived from infrared spectroscopy. While no 
magnesium is used in the synthesis of this sample, both 
near- and mid-infrared spectra display a weak band (at 
7123 and 3646 cm−1 respectively), which could be attrib-
uted, according to its position, to OH groups bonded to 1 
Mg and 2 Ni atoms. Note that Dumas et al. (2015) already 
reported the presence of such weak band for the Ni end-
member of a similar synthetic sub-micron talc. The pres-
ence of this weak band either reflects a contamination 
during the synthesis or a wrong assignment. An electron 
microprobe analysis was performed on this Ni100 sample 
and leads to a Ni proportion of 98.8 ± 0.2 mol%, incom-
patible with the 94 mol% derived from infrared spectros-
copy. Therefore, the weak band at 7123 cm−1 cannot be 
explained by a Mg contamination. As suggested by the cal-
culated spectra of surface models for Ni-talc (Fig. 5), this 
weak band is rather related to OH groups on edge sites, 
like Ni–OH or Si–OH. This assignment is also supported 
by the fact that a band located at a similar wavenumber 
(7121 cm−1) was previously observed by Christy (2010) 
on a silica gel surface.
Cationic distribution
The infrared spectroscopic data can also be used to discuss 
the distribution of cations in the octahedral sheet (Petit 
et al. 2004a). If Mg and Ni atoms are randomly distributed, 
the four OH bands should occur with the probabilities 
specified in Table 7. It is, therefore, possible to calculate 
the relative integrated absorbances that one expects for 
a given composition and a random distribution of octa-
hedral cations. These values are compared with the rela-
tive absorbances obtained by spectral decomposition in 
Table 7 and Fig. 6. The good correlation observed in Fig. 6 
indicates that divalent cations are randomly distributed in 
the octahedral sheets of these synthetic sub-micron talc 
samples like in the various natural samples investigated 
by Petit et al. (2004a). This conclusion is supported by 
our DFT calculations, which predict that nickel has no 
preference for M1 and M2 octahedral sites. The energy 
difference (0.3 kJ/mol) is one order of magnitude smaller 
than the thermal energy at ambient temperature.
Table 5  Ni proportions in theoretical models estimated from the rela-
tive integrated absorbances and compared to the exact value
Model mol% Ni from A Exact mol% Ni
Ni17 16.77 16.67
Ni50a 52.50 50.00
Ni50b 50.83 50.00
Ni83 82.47 83.33
Table 6  Ni proportions in synthetic samples estimated from the rela-
tive integrated absorbances of the fundamental and first overtone OH 
bands
Sample mol% Ni from νOH mol% Ni 
from 2νOH
Ni0 0 0
Ni25 21 27
Ni50 45 48
Ni75 66 75
Ni100 93 94
Table 7  Relative integrated absorbances for the fundamental ( νOH ) 
and first overtone ( 2νOH ) OH bands, calculated assuming a ran-
dom distribution of octahedral cations (rand).  In that case, we used 
the sample composition derived from infrared spectroscopy and the 
probabilities of occurrence of each OH band that are specified in the 
Table. Results are compared to the ones obtained by spectral decom-
position (dec)
OH group Probability Ni25 νOH Ni25 2νOH Ni50 νOH Ni50 2νOH Ni75 νOH Ni75 2νOH Ni100 νOH Ni100 2νOH
rand dec rand dec rand dec rand dec rand dec rand dec rand dec rand dec
Mg3OH [Mg]3 0.49 0.52 0.39 0.43 0.17 0.17 0.14 0.18 0.04 0.03 0.01 0.05 0.00 0.00 0.00 0.00
Mg2NiOH 3[Mg]2[Ni] 0.39 0.33 0.43 0.35 0.41 0.41 0.39 0.34 0.23 0.25 0.14 0.14 0.01 0.00 0.01 0.00
MgNi2OH 3[Mg][Ni]2 0.10 0.15 0.16 0.19 0.33 0.33 0.36 0.34 0.44 0.43 0.42 0.30 0.18 0.20 0.15 0.17
Ni3OH [Ni]3 0.01 0.00 0.02 0.03 0.09 0.10 0.11 0.14 0.29 0.28 0.43 0.51 0.81 0.80 0.84 0.83
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Conclusion
This combined experimental and theoretical infrared spec-
troscopic study allowed us to characterize further a synthetic 
talc product with potential industrial applications. Over the 
whole range of the Mg–Ni solid solution, the sub-micron 
talc particles present: (1) a random distribution of Mg and 
Ni cations in the octahedral sheets, (2) platy shapes nicely 
reflecting their layered structure, and (3) an interesting 
hydrophilic character related to the large proportion of sheet 
edges. The Mg–Ni substitution is also accompanied by an 
increase in the crystallinity degree.
The confrontation of measured and calculated infrared 
spectra enabled to fix the spectra interpretation to firm physi-
cal basis. Absorption bands below 1200 cm−1 have been 
assigned to the corresponding vibrational modes, allowing 
us to understand the differences observed between Mg-talc 
and Ni-talc. In the OH stretching region related to struc-
tural hydroxyl groups, our calculations show no coupling 
between the stretching modes of OH groups distinguishable 
by their cationic environment. Results thus fully support the 
assignment made by Wilkins and Ito (1967). We have also 
demonstrated that absorption coefficients of OH groups are 
constant whatever the cationic environment of these hydrox-
yls. This validates the key assumption for quantifying the 
talc composition from the relative absorbance of OH bands.
The surface models considered here suggest that the 
infrared signatures of hydroxyls adsorbed on the reactive 
sites of sheet edges fall in the same wavenumber range as the 
broad band assigned to physisorbed water molecules (band 
observed between 3000 and 3700 cm−1). In more details, 
the bands related to the most weakly hydrogen-bonded OH 
surface groups are located in the same range as the bands 
attributed to OH structural groups. This observation might 
hinder the accurate determination of talc composition. How-
ever, absorption bands related to OH surface groups have 
relatively weak intensities and do not affect the infrared-
derived composition by more than a few percent.
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Abstract
In this work, synthetic talc was used as catalyst and filler aiming to obtain water-
borne polyurethane (WPU) nanocomposites by in  situ polymerization. Filler 
was used both in gel and in powder forms in order to compare its effects into the 
WPU matrix. The use of synthetic talc as filler is interesting due to the possibil-
ity of hydrogen bond formation between WPU chains/Si–O–Si and OH groups in 
synthetic talc edges promoting changes in physical, mechanical and thermal prop-
erties. Moreover, WPUs are environmentally friendly polymers replacing organic 
solvents by water as dispersion medium reducing pollutant emission in the atmos-
phere. Material structure analyzed by FTIR evidenced that it is possible to synthe-
size WPU using synthetic talc as catalyst and proved hydrogen bonding formation 
between synthetic talcs and WPU matrix. Synthetic talcs were well dispersed even 
with higher filler content, as supported by XRD, TEM, FESEM and AFM analyses. 
Thermal and mechanical performance was improved with synthetic talc fillers’ addi-
tion in order to obtain WPU nanocomposites. Also, Tg of WPU nanocomposites was 
affected by fillers’ addition as presented by DSC corroborating synthetic talc good 
dispersion as evidenced by XRD and TEM analyses. Synthetic talcs used as catalyst/
filler resulted in nanocomposites with superior thermal and mechanical properties 
being a new path to utilize synthetic talcs to obtain multifunctional materials.
Keywords Waterborne polyurethane · Synthetic talc · In situ polymerization · 
Hydrogen bond
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Introduction
Waterborne polyurethane (WPU) is a polyurethane system in which water is used as 
dispersion medium replacing conventional organic solvents (toluene and acetone). 
The use of water as solvent reduces volatile organic compounds’ (VOCs) release 
to the atmosphere contributing to environment protection [1]. WPU has interesting 
applications as adhesives, coatings and membranes owing to its good processing 
properties, abrasion resistance, non-toxicity, low cost and great adhesion [2, 3].
However, thermal stability, insolubility and mechanical properties of WPU 
are lower when compared to the organic solvent-borne PU which needs to be 
improved. Using nanoparticle fillers is an effective way to alter and enhance WPU 
properties [4]. In this context, various inorganic particles are used to obtain new 
nanocomposites, like  Fe3O4 [1, 2, 5], silica [6–9], attapulgite [4], clay [10–13], 
metallic oxides [14–17], etc. Among all potential nanocomposite precursors, 
those based on clay and layered silicates have been most widely investigated, 
probably due to the easy availability of starting clay materials. Moreover, talc 
particles are widely used as plate-like mineral filler because it is a low-cost mate-
rial [18]. Despite their good performance as filler and low price, natural talc pre-
sents some drawbacks. Natural talc cannot be ground homogeneously below 5 μm 
without leading to structure amorphization. To solve this issue and also to con-
trol particle size, we turned to talc obtained from hydrothermal synthesis [19]. 
Synthetic talcs used as fillers were reported by many researches to produce new 
materials such as solvent-borne polyurethanes [20–24], polypropylene and poly-
amide 6 (PA6) nanocomposites [18], PP/PA6 blends [25], PP/PA6 blends using 
ionic liquids/nanotalc as fillers [26], PA6 and PA12 nanocomposites [27], ternary 
nanotalc reinforced PA6/SEBS-g-MA composites [28] and also WPUs [29, 30]. 
Moreover, tin catalysts as dibutyl tin dilaurate (DBTDL), widely used as catalyst 
in PU synthesis, are known as toxic compounds [31]; for this reason, it is inter-
esting to use environmentally friendly catalysts, like synthetic talc. As far as we 
know in this work, we describe for the first time the use of synthetic talc as cata-
lyst. Filler effect in polymerization reaction as catalyst and as reinforcement in 
waterborne polyurethane nanocomposite properties was evaluated as well.
Experimental
Materials
Synthetic talcs were manufactured using the following materials: magnesium 
acetate tetrahydrate (Mg(CH3COO)2·4H2O), sodium metasilicate pentahydrate 
 (Na2SiO3·5H2O), sodium acetate trihydrate  (NaCH3COO·3H2O) and acetic acid. All 
reagents were purchased from Sigma-Aldrich and used without further purification.
Isophorone diisocyanate (IPDI, for synthesis, Bayer, Germany), polyester 
diol (Mn = 1000  g/mol) and 2,2-bis(hydromethyl) propionic acid (DMPA, 99%, 
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Perstorp, Sweden) were used to obtain waterborne polyurethanes. NCO/OH molar 
ratio of 1:7 was utilized. Dibutyl tin dilaurate [DBTDL Miracema Nuodex Ind., 
Brazil (0.1% w/w)] was used as catalyst for pristine WPU. DMPA carboxylic acid 
was neutralized with trimethylamine (J.T Baker, Center Valley, Pennsylvania, 
USA). Free NCO content was measured by titration with n-dibutylamine (Bayer, 
Leverkusen, Germany), and hydrazine (Merck, Kenilworth, NJ, USA) was used 
as chain extender.
Synthetic talc preparation
Synthetic talc was obtained by hydrothermal synthesis as described in the literature 
[32]. First, talc precursor was obtained by reacting sodium metasilicate pentahydrate 
with magnesium acetate tetrahydrate in a proportion of Si/Mg = 4/3, in the presence 
of sodium acetate. In a second step, talc precursor was hydrothermally treated under 
high temperature (300 °C) and pressure (85 bar) during a period of time of 6 h in order 
to obtain well-crystallized nano-sized talc gel. Synthetic talc (ST) was obtained in gel 
form (ST-g) or in powder form (ST-p) after drying in an oven at 120 °C and grinding. 
Specific surface area of synthetic talc manufactured in these conditions is 130 m2 g−1, 
as reported previously by our group [29].
Waterborne polyurethane nanocomposite preparation method
Waterborne polyurethane nanocomposites and pristine waterborne polyurethane were 
prepared by in  situ polymerization. In a glass reactor, the following reagents were 
placed: IPDI, the polyester diol and DMPA (NCO/OH molar ratio of 1:7 and 5% w/w 
of DMPA in relation to prepolymer solid content). The NCO-terminated prepolymer 
reaction was carried out under constant mechanical stirring and inert atmosphere  (N2) 
at 80 °C for 1 h. To quantify the residual-free isocyanate content, titrations were per-
formed with n-dibutylamine based on the ASTM 2572 standard technique. Then, to 
neutralize the acid groups from DMPA, molar equivalent of trimethylamine was added 
to the reactor and stirred for 30 min at 50 °C as previously described in the literature 
[16, 29]. Lastly, a mixture of the previously neutralized prepolymer and hydrazine 
(chain extender in amount equivalent to the residual-free NCO content) was poured in 
water and kept under mild agitation (200 rpm) at room temperature for 30 min. To pre-
pare pristine WPU, DBTDL was used as catalyst. To produce WPU nanocomposites, 
synthetic talc in gel and powder form was used aiming to substitute DBTDL as catalyst 
and perform as reinforcement. Filler content was 0.5 wt%, 1 wt% and 3 wt%. The aver-
age solid content was 37% w/w. Lastly, films with 70 µm of thickness were produced 
by casting.
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Characterization methods
Fourier transform infrared spectroscopy (FTIR)
The films were characterized by Fourier transform infrared spectroscopy (FTIR, 
PerkinElmer Spectrum 100 spectrometer) in transmission mode in the range 
4000–650 cm−1, to ascertain filler and nanocomposite structural properties.
X‑ray diffraction analysis (XRD)
X-ray diffraction (Shimadzu XRD-7000) patterns were recorded with CuKα1,2 
Bragg–Brentano geometry θ–θ radiations, between 5° and 80° with a step size of 
0.028, voltage of 40 kV and current of 30 mA.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC, TA Instruments Q20 calorimeter) was used 
to determine glass transition temperature (Tg) from − 90 to 200 °C, with a heating 
rate of 10 °C/min under an inert atmosphere of nitrogen, from the second heat cycle.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TA Instruments Q600 simultaneous thermal analyzer) 
was carried out with a heating rate of 20 °C/min, from room temperature to 800 °C 
under nitrogen atmosphere.
Tensile strength analysis
Mechanical tests were performed in triplicate according to ASTM D822 standard 
technique (TA Instruments Q800 dynamic mechanical analyzer) for determination 
of Young’s modulus and stress × strain tests.
Field emission scanning electron microscopy (FESEM)
Field emission scanning electron microscopy (FESEM, FEI Inspect F50) analyses 
were performed in secondary electron (SE) mode and used for the assessment of 
filler distribution in the polymer matrix.
Atomic force microscopy (AFM)
Atomic force microscopy (AFM) was used to collect roughness data of the WPU 
and its nanocomposites. The AFM analyses were performed in tapping mode to 
construct phase/height contrast images at different locations on the top surface of 
the samples using a Bruker Dimension Icon PT equipped with a TAP150A probe 
1 3
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(resonance frequency of 150 kHz and 5 N m−1 spring constant) and calibrated prior 
to sample measurements. The scanned area of images was 5 × 5 µm2 with a resolu-
tion of 512 frames per area.
Results and discussion
FTIR analysis
WPU nanocomposites, neat WPU, synthetic talc in gel and in powder form were 
characterized by FTIR spectroscopy (Fig.  1). In synthetic talc spectra (ST-p and 
Fig. 1  FTIR spectra of A neat WPU, WPU/ST-p 3% and ST-p and B neat WPU, WPU/ST-g 3% and ST-g
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ST-g), it was observed characteristic bands assigned to talc around 1650  cm−1 
related to Si–O vibrations [33] and the band between 1200 and 800  cm−1 char-
acteristic of Si–O and Si–O–Si bonds [20, 23, 24, 33, 34]. For neat WPU and its 
nanocomposites, the bands in regions of 3500–3400 cm−1 are attributed to urethane 
linkage N–H. The bands in 2950 and 2870 cm−1 are associated with different vibra-
tional modes of polymeric chain  CH2 group. The band in 1731 cm−1 is characteristic 
of C=O of urethane bond. Region around 1520 cm−1 is related to CN and NH of 
urethane bonds. CO–O bond appears in 1243 cm−1 region. In 1185 and 1135 cm−1 
appear the bands associated with N–CO–O and C–O–C groups [13, 15, 20–24, 29, 
30]. WPU nanocomposite formation is proved by FTIR (Fig.  1), confirming syn-
thetic talc as a substitute for commercial catalyst in polymerization reaction. It also 
can be observed that the band related with C=O decreases as filler content increased 
and a shoulder appeared around 1650 cm−1 in the nanocomposites, probably due to 
hydrogen bond formation between C=O of polymeric chain and hydroxyl groups 
available on synthetic talc layer edges [16].
XRD‑TEM analysis
Figure 2A, C shows diffraction patterns of pristine WPU, synthetic talcs and their 
nanocomposites. Characteristic XRD diffraction peaks associated with natural talc 
are observed, but for synthetic talcs these diffraction peaks are broader and less 
intense. This behavior indicates that synthetic talc layers are smaller compared 
Fig. 2  XRD patterns of A WPU/ST-p and C WPU/ST-g nanocomposites, compared to neat WPU and 
synthetic talc. TEM images of B WPU/ST-p 3% and D WPU/ST-g 3%
1 3
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to natural talc [18, 19, 22, 29]. For pure WPU films, a broad diffraction peak is 
located around 2θ = 20°; this diffraction is associated with PU amorphous phase and 
appeared in all nanocomposite samples [2]. The diffraction peak around 2θ ≅ 9° for 
synthetic talc in powder form disappeared in WPU/ST-p nanocomposite XRD pat-
tern, suggesting that polymer enters between two nanoparticle layers leading to the 
layer intercalation and resulting in good filler dispersion throughout WPU films [3]. 
Characteristic diffraction peaks of synthetic talc in gel form appeared in WPU/ST-g 
nanocomposite diffraction patterns. Moreover, this peak located at 2θ ≅ 9° raised in 
XRD patterns of WPU nanocomposites with ST-g content, indicating that synthetic 
talc in gel form layers is intercalated between two individual nanoparticles [35, 36]. 
Figure 2B, D shows TEM images of WPU/ST nanocomposite samples containing 
3 wt% of synthetic talc. As illustrated in TEM images, the dark areas are attributed 
to ST fillers and lighter colored region attributed to WPU matrix [2]. With 3 wt% 
of filler content into the WPU matrix, we observed that for sample ST-p 3% a good 
dispersion was not achieved although a degree of dispersion is observed in ST-g 3% 
sample, see Fig. 2B, D [20, 22, 23, 25, 28, 30].
Mechanical properties
Table  1 presents stress/strain properties of neat WPU and WPU nanocomposites. 
Synthetic talc addition affected nanocomposite mechanical properties. The nano-
composites do not break at test conditions. Interactions between filler and polymer 
alternatively to filler and filler interactions are probably associated with mechani-
cal properties enhancement [21–23, 29]. Well-dispersed fillers in polymer matrix as 
well as strong interfacial interaction between polymer and filler improved the stress 
transfer between polyurethane matrix and fillers increasing polymer resistance to 
deformation. This augmentation in mechanical properties can be related to hydrogen 
bonding between synthetic talcs and WPU in nanocomposites [37]. Young’s modu-
lus tended to increase with increasing filler content into the WPU nanocomposites; 
sample with 1 wt% of synthetic talc in gel form presented a different behavior, prob-
ably because some agglomeration occurred and affected WPU film formation and 
its mechanical performance. Moreover, talcs with high aspect ratio tend to stiffen 
materials [38]. Yet, this stiffening may be related to hydrogen bonding interactions, 
corroborating FTIR results [29, 39]. Our group showed in the previous works that 
Table 1  Mechanical properties 
of the nancomposites and neat 
WPU
Samples Young’s modu-
lus (MPa)
Strain (%) Stress (MPa)
WPU 31 ± 3 136 ± 9 6 ± 0.6
WPU/St-p 0.5% 80 ± 9 97 ± 13 11 ± 1
WPU/ST-p 1% 38 ± 4 137 ± 12 7 ± 2
WPU/ST-p 3% 64 ± 12 115 ± 21 10 ± 2
WPU/St-g 0.5% 35 ± 10 93 ± 30 6.5 ± 0.6
WPU/ST-g 1% 108 ± 1 4 ± 1 4 ± 0.8
WPU/ST-g 3% 49 ± 4 77 ± 39 8 ± 1
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synthetic talc filler improved Young’s modulus of WPU nanocomposites, like for 
WPU/synthetic talc nanocomposites formed by blending method [29] and WPU/
Fe3O4 synthetic talc nanocomposites also by blending method [30]. These results 
corroborate with TEM results and reinforce the fact that dispersion affects nanocom-
posite mechanical properties.
Thermal properties
In order to investigate thermal stability of neat WPU, WPU nanocomposites and the 
effect of the synthetic talcs on their thermal behavior, TGA was carried out (Fig-
ure S1). Results are listed in Table  2. It was observed from TGA data that WPU 
film thermal stability was enhanced by fillers’ addition, which can be attributed to 
the action of nanoparticles as thermal insulator. Also the good filler dispersion into 
the WPU matrix resulted in an improvement in thermal stability of nanocompos-
ite films [2]. The first stage is related to hard segment degradation and the second 
stage to soft segment degradation. Layered silicates can make the path longer for 
thermally decomposed volatiles to escape. It is clearly observed that the initial stage 
thermal decomposition temperature is the major and sharp which involves the ther-
mal decomposition of the intercalated polymers [13]. The increase in the decom-
position temperature is likely due to the interaction between WPU and fillers. Syn-
thetic talc structure into the WPU matrix could limit the segmental movement of 
polymer chains or act as thermal insulator and mass transport barrier to the volatile 
products generated during decomposition, as a consequence retarding material deg-
radation [8, 14]. In the previous works, it was reported that the thermal stability of 
nanocomposites is improved by the use of synthetic talc, because the large amount 
of hydroxyl groups present at the filler layer edges favors interactions between filler 
and polymer [21–23, 40]. But when nanocomposites with synthetic talc in gel form 
were prepared by physical mixture, thermal stability did not increase as when nano-
composites prepared by in situ polymerization, as reported in a previous work [29].
Thermal property of neat WPU and WPU nanocomposite films was studied by 
DSC (Figure S2). No melting peak was found in the DSC analysis for the pristine 
WPU and WPU/synthetic talc samples, indicating that no crystallization domain 
was formed in their hard or soft phases. This is corroborated with XRD results that 
Table 2  Thermal properties of the nancomposites and neat WPU
Samples Tonset (°C) Tpeakmax1 (°C) Tpeakmax2 (°C) Tg-DSC (°C)
WPU 330.2 373.2 430.6 − 33.3
WPU/St-p 0.5% 341.7 367.1 435.2 − 34.9
WPU/ST-p 1% 348.3 376.9 439.7 − 33.5
WPU/ST-p 3% 336.9 358.8 431.4 − 37.1
WPU/St-g 0.5% 344.8 372.4 440.6 − 37.2
WPU/ST-g 1% 338.4 369.4 431.9 − 40.1
WPU/ST-g 3% 338.2 364.1 435.9 − 40.6
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show these polymers are amorphous [12]. Higher concentration of synthetic talc 
slightly decreased Tg. This effect could be associated with filler dispersion, as shown 
by XRD, TEM and FESEM results [41]. Also, phase separation could increase due 
to breakage of H-bonds between hard and soft segments decreasing Tg values [2, 
17].
Morphological study
FESEM was employed to inspect nanocomposite microstructure. FESEM images of 
samples’ fractured section are illustrated in Fig. 3. Figure 3 shows FESEM micro-
graphs of neat WPU and WPU nanocomposites. All samples showed deeper and 
longer cracks when fractured with liquid nitrogen comparing with neat WPU. 
However, with the increasing filler content fracture surfaces became rough. This 
is related to the alteration of WPU matrix after adding higher filler content. This 
trend could be explained by supposing a homogenous nanoparticle distribution and 
an improvement in polymer/filler interaction in the nanocomposites, and therefore, 
a crack propagation path occurs inside the polyurethane matrix [8]. The rough frac-
ture surface indicates that there was a strong resistance to further crack propagation. 
Meanwhile, the rough fracture surface means that a large crack would encounter dif-
ficulties in propagating. This effect can be responsible for nanocomposite mechani-
cal properties improvement [42].
AFM results
Figure  4 shows the height AFM topographic images, and Table  3 shows the 
average roughness (Ra), root mean square roughness (Rq) and maximum height 
roughness (Rmax) for neat WPU and its nanocomposites measured by AFM in 
Fig. 3  Micrographs from cryogenically fractures of the materials at magnification of ×5000, mode SE, A 
WPU, B WPU/St-p 0.5%, C WPU/ST-p 1%, D WPU/ST-p 3%, E WPU/St-g 0.5%, F WPU/ST-g 1% and 
G WPU/ST-g 3%
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tapping mode. In WPU matrix (Fig. 4A), dark regions are associated with amor-
phous domains (soft segments) and bright regions are associated with crystal-
line domains (hard segments). The results of Ra, Rq and Rmax demonstrate that 
with fillers’ addition surface roughness of nanocomposites increased, indicat-
ing fillers’ influence on the surface morphology of systems [29, 43]. As shown 
in Fig.  4, with fillers’ addition on nanocomposites the rugged domains come 
more prominent evidencing the interactions between filler and polymer probably 
by hydrogen bonding among fillers and hard segments of the WPU [9, 29]. It 
can be seen that when 3  wt% of fillers was added to the WPU matrix, rough-
ness decreased. Introducing higher filler content into WPU matrix restricted the 
shrinkage of the polymer surface, reducing nanocomposite roughness [10]. The 
higher values of these parameters comparing to pristine WPU confirm the pres-
ence of filler particles on the surface, as reported in the literature [11]. This 
interaction corroborates the mechanical properties improvements in nanocom-
posites once compared to pristine WPU.  
Fig. 4  AFM images (height). A WPU, B WPU/St-p 0.5%, C WPU/ST-p 1%, D WPU/ST-p 3%, E WPU/
St-g 0.5%, F WPU/ST-g 1% and G WPU/ST-g 3%
Table 3  AFM results: average 
roughness (Ra), root mean 
square roughness (Rq), and 
maximum height roughness 
(Rmax) of neat WPU and its 
nanocomposites
Samples Rq (nm) Ra (nm) Rmax (nm)
WPU 9 7 116
WPU/St-p 0.5% 59 46 431
WPU/ST-p 1% 78 58 585
WPU/ST-p 3% 24 13 330
WPU/St-g 0.5% 55 49 362
WPU/ST-g 1% 142 115 805
WPU/ST-g 3% 20 16 148
1 3
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Conclusions
New waterborne polyurethane nanocomposites were synthesized using synthetic talcs 
as catalyst and as filler by in situ polymerization. FTIR confirmed that it is possible to 
produce WPU/synthetic talc nanocomposites without adding the commercial catalyst. 
Also, FTIR indicated hydrogen bonds between filler and polymer chains. Synthetic 
talcs were well dispersed into the WPU matrix as supported by XRD, TEM, FESEM 
and AFM analyses. Thermal stability of WPU nanocomposites increased when com-
pared to pristine WPU. DSC indicated that the glass transition temperature of nano-
composites was affected by the addition of synthetic talcs, probably due to good filler 
dispersion. Mechanical properties improvement can be associated with hydrogen 
bonding between filler and polymer and good filler dispersion. It has been proved that 
synthetic talc can be used as catalyst and filler to produce WPU nanocomposites with 
desired properties. This new waterborne polyurethane synthetic talc nanocomposites 
can be used for flexible films and/or coating industries.
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ABSTRACT: Waterborne polyurethane (WPU) nanocomposites were produced utilizing synthetic talc in gel form in order to improve its
physical–chemical properties. Synthetic talc manufactured in nano-gel form are interesting because their interaction with water occurs
through hydrogen bonding favoring fillers dispersion within the WPU matrix. WPUs are environmental friendly materials because no
organic solvents are used in its production. The nanocomposites obtained with the three synthetic talc nano-gel fillers presented a good
dispersion even when higher amounts of fillers were added, as seen by X-ray diffraction, transmission electron microscopy, field emission
scanning electron microscopy, and atomic force microscopy analyses. The addition of synthetic talcs improved WPU nanocomposites
mechanical properties. Storage and loss modulus results proved fillers incorporation into the WPU matrix corroborating with Fourier
transform infrared spectroscopy results. Results demonstrated that synthetic talcs in nano-gel form are interesting to obtain WPU nano-
composites with superior mechanical properties. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46107.
KEYWORDS: mechanical properties; nanoparticles; nanowires; nanocrystals; polyurethane
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INTRODUCTION
Waterborne polyurethanes (WPU) are known for their wide
range of applications such as flexible films, coatings, and medi-
cal applications.1,2 When compared to traditional solvent-based
polyurethanes, WPU are environmental friendly materials. The
use of water as solvent attend to environmental requirements
limiting the quantity of volatile organic components released to
the environment.2,3 Nevertheless, WPU have some disadvantages
as low thermal–mechanical properties, low adhesion, low drying
rate, and so on.2,4,5 The incorporation of inorganic particles in
the WPU matrix is a solution to improve its physical–chemical
properties.5,6 Organic–inorganic nanocomposites have been
widely discussed,7 improvements promoted by nanofillers are
frequently associated to their concentration, shape, size, degree
of aggregation, surface area, degree of dispersion, and the inter-
action between nanofiller/polymer.8 Dispersed nanofillers
improve physical/chemical properties of nanocomposites such
as mechanical strength, conductivity, thermal stability, and opti-
cal properties.9 Literature describes that different fillers have
been introduced into WPU such as silver nanoparticles,1,17 hal-
loysite nanotubes,2 metallic oxides,4,9,10,13 graphene,5 silica,6,15
nanoclays,7,8,11,12,18,19 nano-Fe3O4,
14 and cellulose nanocrys-
tals.16 Talc is also a good alternative due to its low cost and
availability. Natural talc presents some disadvantages namely
mineralogical and crystallochemical impurities, hydrophobicity,
and the impossibility of being ground to nano-sizes.20–22 Syn-
thetic talc can be produced in a form of a hydrophilic nano-gel
suspension since it presents numerous edges (SiAO and
MgAO) and OH groups forming hydrogen bonds and polar
interaction with water.23 The filler in a gel form improves its
dispersion within WPU matrix.23 The usage of synthetic talc as
nanofillers has been reported to obtain new materials such as
solvent-borne polyurethanes,22,24–26 polypropylene (PP), and
polyamide 6 (PA6) nanocomposites,21 PP/PA6 blends,27 and
also WPU.28 The main objective of this work is to obtain and
characterize new WPU/synthetic talcs nanocomposites produced
by physical mixture. Three synthetic nano-gel talcs were used as
fillers aiming to compare the talc syntheses conditions effects
with the WPU matrix properties.
Additional Supporting Information may be found in the online version of this article.
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EXPERIMENTAL
Synthetic Talc Syntheses
Synthetic talcs were prepared as described in literature.20,29
D43001 10,4% dry extract (synthetic talc heated at 300 8C for
1 h), D43006 8.7% dry extract (synthetic talc heated at 300 8C
for 6 h) and Prototalc (PT) (Mg100, 25 8C for 30 min) 16.4%
dry extract, all samples were used in gel form without any
functionalization.
Materials
To synthesize WPU, isophorone diisocyanate (IPDI, for synthesis,
Bayer, Germany), polyester diol (Mn5 1000 g/mol) and 2,2-
bis(hydromethyl) propionic acid (DMPA, 99%, Perstorp, Sweden)
were used. Dibutyl tin dilaurate [DBTDL Miracema-Nuodex Ind.,
Brazil (0.1% w/w)] was used as catalyst. The NCO/OH molar ratio
of 1.7 was utilized. DMPA carboxylic acid was neutralized with
trimethylamine (J.T Baker, Center Valley, Pennsylvania, USA). The
free NCO content was measured by titration with n-dibutylamine
(Bayer, Leverkusen, Germany) and hydrazine (Merck, Kenilworth,
New Jersey, USA) was used as chain extender.
WPU Nanocomposites Syntheses
The WPU syntheses were performed in a glass reactor utilizing
the following reagents: IPDI, a polyester diol (Mn5 1000 g/mol)
and DMPA (NCO/OH molar ratio of 1.7:5% w/w of DMPA in
relation to the prepolymer solids content). The NCO terminated
prepolymer reaction was carried out under constant mechanical
stirring and inert atmosphere (N2) at 80 8C for 1 h. To quantify
the residual free isocyanate content, titrations were performed
with n-dibutylamine based on the ASTM 2572 standard tech-
nique. Then, to neutralize the acid groups from DMPA, molar
equivalent of trimethylamine was added to the reactor and
stirred for 30 min at 50 8C. Lastly, a mixture of the previously
neutralized prepolymer and hydrazine (chain extender in
amount equivalent to the residual free NCO content) was
poured in water and kept under mild agitation (200 rpm) at
room temperature for 30 min. After that, synthetic talc filler
were mixed with pristine WPU under mild agitation for 30
min, regarding the total mass of non-volatile, to form the
WPU/nanocomposites. Filler contents were of 1, 3, 5, and 10%
w/w. The average solids content for the WPU and WPU nano-
composites was 33% w/w.
Characterization Methods
WPU nanocomposites and neat WPU characterizations were
performed using dried films, samples of these films were ana-
lyzed by: nitrogen adsorption–desorption isotherms determined
at 77 K, using a volumetric method, with a Quantachrome
Autosorb-1 apparatus (GET laboratory, University of Toulouse).
The isotherms were recorded in the 0.05–0.3 relative pressure
range and high purity nitrogen was used. Samples were out-
gassed for 15 h at 120 8C under vacuum before analysis. Surface
areas were calculated using a Brunauer–Emmett–Teller (BET)
method30; Fourier transform infrared spectroscopy (FTIR, Per-
kinElmer, spectrometer model Spectrum100) from film samples
in transmission mode in the range 4000–650 cm21, was used to
ascertain the structural properties of the fillers and nanocompo-
sites; X-ray diffraction (Shimadzu XRD-7000) patterns were
recorded with CuKa Bragg–Brentano geometry u–u radiations,
between 5 and 808 with a step size of 0.028, current of 40 kV
and voltage of 30 mA; transmission electron microscopy (TEM,
Tecnai G2 T20 FEI) was used to determine morphology and the
degree of dispersion of nanocomposites. The samples were cryo-
microtomed and analyzed at 200 KV; differential scanning calo-
rimetry (DSC equipment, Q20 model, TA Instruments) was
used to determine the glass transition temperature (Tg) from
290 to 200 8C, with a heating rate of 10 8C/min under an inert
atmosphere of nitrogen, from the heat second cycle; Thermog-
ravimetric analysis (SDT equipment, Q600 model, TA Instru-
ments) was carried out with a heating rate of 20 8C/min, from
an ambient temperature to 800 8C under nitrogen atmosphere;
mechanical tests were performed in triplicate according to
ASTM D822 standard technique (DMTA equipment, Q800
model, TA Instruments) for determination of Young’s modulus
and stress 3 strain tests. The field emission scanning electron
microscopy (FESEM, FEI Inspect F50) analyses were performed
in secondary electrons (SE) mode and used for assessment of
fillers distribution in the polymer matrix. Atomic force micros-
copy (AFM) was used to collect roughness data of the WPU
and its nanocomposites. The analyses were performed in tap-
ping mode to construct phase/height contrast images at differ-
ent locations on the top surface of the samples using a Bruker
Dimension Icon PT equipped with a TAP150A probe (Bruker,
resonance frequency of 150 kHz and 5 N/m21 spring constant).
The equipment was calibrated prior to samples measurements.
The scanned area of images was 5 3 5 mm2 with a resolution of
512 frames per area.
RESULTS AND DISCUSSION
BET Analysis
BET tests were performed aiming to compare the influence of
different hydrothermal treatments in surface area of synthesized
nano-gel talcs. Literature described that specific surface area
decreases as synthesis time increased, consequently decreasing
the hydroxyl group number on layers edges.20 D43006 (300 8C; 6 h)
and D43001 (300 8C; 1 h) presented specific surface area of 130 and
222 m2 g21, respectively. Yet, the prototalc (25 8C; 30 min) presented
a specific surface area of 214 m2g21. This results evidenced that the
specific surface area values for synthetic talcs are much higher than
for natural talc (20 m2 g21).21,29 The possibility of obtaining syn-
thetic fillers with distinct specific surface area offers a platform of
possibilities to promote desired changes in physical–chemical prop-
erties of WPU nanocomposites adapting it for different applications
in coatings or films industry.
FTIR Analysis
Figure 1(A–C) shows the results of FTIR analyses for synthetic
nano-gel talcs, WPU nanocomposites with 10% w/w of syn-
thetic talcs and neat WPU. In synthetic talc spectra, the band
around 700–600 cm21 is related to the free OH of the talc
structure22,31 and the characteristic band around 1000–
900 cm21 is attributed to SiAO and SiAOASi bond28,31,32 as
can be seen in Figure 1(A.c), (B.c), and (C.c). For neat WPU
and nanocomposites [Figure (1A.a–c, B.a–c, and C.a–c)] the
bands in regions of 3500–3400 cm21 are attributed to urethane
linkage NAH. This spectrum region is affected by polymer/filler
interaction [Figure 1(D.a–c, E.a–c, and F.a–c)]. The bonded NH
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stretching vibration exhibited a strong absorption peak at
3400 cm21 due to hydrogen bonding while the free NAH
stretching vibration appears at 3500 cm21.33 One can observe
from Figure 1(D.a–c, E.a–c, and F.a–c) that with the increasing
of synthetic talc concentration the NAH bands shifted to the
free NAH region indicating hydrogen bonding between WPU/
fillers.34 The bands in 2934 and 2867 cm21 are associated to
different vibrational modes of CH2 group of polymeric chain.
The band in 1727 cm21 is characteristic of C@O of urethane
bond. The region in 1528 cm21 is related to CN and NH of the
urethane bonds. The COAO group appears in the region of
1230 cm21. In 1164 and 1135 cm21 appears the bands associ-
ated to NACOAO and CAOAC groups.22,24–26,28 It can be
highlighted that with the increasing of fillers amount into the
matrix the characteristic band around 1000 cm21 attributed to
SiAOASi bonds becomes more prominent, proving fillers
incorporation into WPU matrix. Previous works demonstrated
similar results.22,24–26,28
TEM–XRD Structure Analysis
TEM analyses evidenced the nanoscale dispersion of fillers for
WPU nanocomposites as presented in Figure 2. The dark enti-
ties that appears in the brighter background of the matrix rep-
resent synthetic talc layers; some individual layers appears even
at higher fillers content evidencing that some synthetic talc
layers are “exfoliated” and some points of agglomeration are
presented.19 Cross-section TEM micrographs (Figure 2) of the
WPU nanocomposites demonstrates that talc layers were parallel
to the surface of the films and well dispersed in WPU matrix.35
The different processes used to manufacture the synthetic nano-
gel talcs modified its structures and influenced fillers distribu-
tion into the WPU matrix.
Figure 1. FTIR overlays (A) (a) WPU, (b) WPU/PT 10%, (c) Prototalc (PT). (B) (a) WPU, (b) WPU/D43001 10%, (c) D43001. (C) (a) WPU, (b)
WPU/D43006 10%, (c) D43006 and FTIR overlays around 3400 cm21. (D) (a) WPU, (b) WPU/PT 10%, (c) Prototalc (PT). (E) (a) WPU, (b) WPU/
D43001 10%, (c) D43001. (F) (a) WPU, (b) WPU/D43006 10%, (c) D43006.
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Figure 3 presents crystalline structures of fillers, pristine WPU
and its nanocomposites. Fillers characteristic XRD diffraction
peaks associated with natural talc are observed, but for synthetic
talcs these diffraction peaks are broader and less intense. This
behavior indicates that synthetic talc layers are smaller than for
natural talc.20,21 The augmentation in the diffraction peak at 2u
ffi 98 is noticed as the quantity of filler content increases indi-
cating fillers intercalation between WPU chains.36,37 For neat
WPU, a broad diffraction halo related with WPU amorphous
phase is seen close 2u5 208.38 All the nanocomposites presented
the same amorphous nature of neat WPU, but it can be noticed
that as synthetic talc content increases, the intensities of diffrac-
tion peaks increased as well, indicating that synthetic talc in
nanocomposites tended to self-aggregate with an increase in fill-
ers content.39,40
Mechanical Properties
Table I presents stress/strain properties of neat WPU and WPU
nanocomposites. With a higher content of synthetic talc, Young
Modulus, stress, and strain values increased. The nanocompo-
sites do not break at the tests conditions. Hydrogen bonding
interaction among fillers/WPU matrix, as evidenced in FTIR
section, can be responsible for this behavior.41 Unlike the others
samples the WPU nanocomposite with 3% w/w of synthetic talc
D43001 as filler achieved higher values of Young Modulus and
stress/strain when compared to 5 and 10% w/w (Figure S1).
This improvement in mechanical properties in lower filler con-
centration can be somehow associated to a good filler disper-
sion due to filler–polymer interaction alternatively to filler–filler
interaction with the increase in fillers content.22,24 Furthermore,
layered silicates as synthetic talcs can improve the elongation at
break of the nanomaterials, as reported for WPU/clay nanocom-
posites by Kuan et al.,35 corroborating with strain results for
WPU nanocomposites obtained with synthetic talcs D43001 and
D43006. These results corroborate with TEM results and rein-
force the fact that dispersion affects nanocomposites mechanical
properties.24
The storage modulus, loss modulus and tan d of the WPU
nanocomposites films with different synthetic talcs and neat
WPU as a function of temperature are shown in Figure 4. The
Figure 2. TEM micrographs, magnification of 13,5003 (a) WPU/PT 10%, (b) WPU/D43001 10%, and (c) WPU/D43006 10%.
Figure 3. XRD diffractograms. (A) (a) WPU, (b) WPU/PT 1%, (c) WPU/
PT 3%, (d) WPU/PT 5%, (e) WPU/PT 10%, and (f) Prototalc (PT). (B)
(a) WPU, (b) WPU/D43001 1%, (c) WPU/D43001 3%, (d) WPU/D43001
5%, (e) WPU/D43001 10%, and (f) D43001. (C) (a) WPU, (b) WPU/
D43006 1%, (c) WPU/D43006 3%, (d) WPU/D43006 5%, (e) WPU/
D43006 10%, and (f) D43006. [Color figure can be viewed at wileyonline-
library.com]
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value of the storage modulus [Figure 4 (A,D,G)] of the nano-
composites films increased significantly upon filler addition as
compared to the neat WPU proving fillers incorporation into
the WPU matrix and a strong interaction between filler/poly-
mer,42 comparing neat WPU (1020 MPa), WPU/PT 10% (2892
MPa), WPU/D43001 10% (4560 MPa), and WPU/D43006 10%
(3930 MPa). The nanocomposites capability to maintain higher
modulus values even at temperatures above Tg is an advantage,
dos Santos et al.28 noticed the same behavior for WPU/Fe3O4-
synthetic talc composites. Tg was provided by the tan d maxi-
mum values.43 Tan d curves [Figure 4(C,F,I)] intensity tended
to decrease with D43001 and D43006 fillers addition, probably
because synthetic talcs fillers restricted the mobility of the WPU
chains.44 From the loss modulus curves [Figure 4-(B,E,H)], a
transition peak can be noticed and the temperature at the peak
is assigned as the Tg of the soft segments of WPU matrix.
45 The
Table I. Mechanical Properties of the Nanocomposites and Neat WPU
Sample
Young
modulus (MPa)
Stress
(MPa)
Strain
(%)
WPU 5860.9 1060.6 137612.6
WPU/PT 1% 4460.5 760.2 12664.8
WPU/PT 3% 5761.5 9.560.1 12863.8
WPU/PT 5% 5860.9 1060.6 137612.6
WPU/PT 10% 126612.1 1362.5 128618.9
WPU/D43001 1% 9167 1160.6 14466.4
WPU/D43001 3% 13869.6 1661.6 14663.3
WPU/D43001 5% 9366.5 1260.2 15060.5
WPU/D43001 10% 7361.1 1060.2 13468
WPU/D43006 1% 8963.8 1060.8 139617.9
WPU/D43006 3% 8961.7 1060.2 138618.7
WPU/D43006 5% 105616.7 1160.8 142614.3
WPU/D43006 10% 109611.9 961.1 154610.6
Figure 4. Storage modulus, loss modulus, and tan delta of the nanocomposites and neat WPU films. (A–C) (a) WPU, (b) WPU/PT 1%, (c) WPU/PT
3%, (d) WPU/PT 5%, and (e) WPU/PT 10%. (D–F) (a) WPU, (b) WPU/D43001 1%, (c) WPU/D43001 3%, (d) WPU/D43001 5%, and (e) WPU/
D43001 10%. (G–I) (a) WPU, (b) WPU/D43006 1%, (c) WPU/D43006 3%, (d) WPU/D43006 5%, and (e) WPU/D43006 10%. [Color figure can be
viewed at wileyonlinelibrary.com]
Table II. TGA and DSC Analyses Results for Pristine WPU and its
Nanocomposites
Samples Tonset (8C) Tpeakmax (8C) Tg-DSC (8C)
WPU 325 348 233.0
WPU/PT 1% 332 350 233.7
WPU/PT 3% 325 347 234.6
WPU/PT 5% 325 344 233.5
WPU/PT 10% 323 339 234.1
WPU/D43001 1% 324 344 232.9
WPU/D43001 3% 318 340 233.2
WPU/D43001 5% 309 338 233.0
WPU/D4300110% 305 329 233.7
WPU/D43006 1% 328 352 232.1
WPU/D43006 3% 314 337 233.9
WPU/D43006 5% 311 340 232.8
WPU/D4300610% 307 330 234.0
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loss modulus and Tg augmentation (neat WPU: 61.2 MPa at
217.3 8C; WPU/PT10%: 203.3 MPa at 220.2 8C; WPU/D43001
10%: 275.1 MPa at 220.8 8C; and WPU/D43006 10%: 211.5
MPa at 219.9 8C) are related with the incorporation of the
fillers into the polymeric matrix which is attributed to the con-
finement of the intercalated polymer chains into the fillers
layers, which corroborates with XRD and TEM results. More-
over, the enlargement in the Tg peak can be related to the
Figure 5. Micrographs from cryogenically fractures of the materials at magnification of 30003, mode SE, (a) WPU, (b) WPU/PT 1%, (c) WPU/PT 3%,
(d) WPU/PT 5%, (e) WPU/PT 10%, (f) WPU/D43001 1%, (g) WPU/D43001 3%, (h) WPU/D43001 5%, (i) WPU/D43001 10%, (j) WPU/D43006 1%,
(k) WPU/D43006 3%, (l) WPU/D43006 5%, and (m) WPU/D43006 10%.
Figure 6. AFM images (height). (a) WPU, (b) WPU/PT 1%, (c) WPU/PT 3%, (d) WPU/PT 5%, (e) WPU/PT 10%, (f) WPU/D43001 1%, (g) WPU/
D43001 3%, (h) WPU/D43001 5%, (i) WPU/D43001 10%, (j) WPU/D43006 1%, (k) WPU/D43006 3%, (l) WPU/D43006 5%, and (m) WPU/D43006
10%. [Color figure can be viewed at wileyonlinelibrary.com]
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motion of the polymer chains at the polymer-filler matrix
interface.
Thermal Properties (TGA–DSC)
Table II and Figure S2 presents thermogravimetric analysis val-
ues and DSC analyses results for neat WPU and nanocompo-
sites films. It can be highlighted that the first stage of initial
weight loss is related to the removal of residual water (Figure
S2).46 Two-step weight loss was observed for all samples, ther-
mal decomposition temperature range in first step was between
305 and 325 8C and thermal decomposition temperature range
in second step was between 390 and 420 8C, associated to the
earlier decomposition of the hard segment and the later decom-
position of the soft segment, respectively.7,14 It could be
observed that initial degradation temperature of the nanocom-
posites decreased with the addition of synthetic talcs, this result
indicates that nanocomposites decompose at lower temperatures
than neat WPU matrix; same results were described for WPU/
ZnO composites.47 The available hydroxyl groups located at fill-
ers layers edges interaction with the WPU hard segments can
result in a deleterious effect on the nanocomposites thermal sta-
bility, breaking urethane and urea bonds of the hard segments
as described for WPU/halloysite nanotubes nanocomposites.2
DSC analyses showed no significant changes on the glass transi-
tion temperature (Tg) with values varying from 233 to 234 8C
for the neat WPU and the nanocomposites.
FESEM
Figure 5 shows the FESEM micrographs of the neat WPU and
WPU nanocomposites having 1, 3, 5, and 10% w/w of synthetic
talc fillers. All samples showed deeper and longer cracks because of
brittle fractures in the liquid nitrogen but, compared with neat
WPU [Figure 5(a)], WPU nanocomposites [Figure 5(b–m)] sam-
ples presented rougher fractured surfaces.2 A homogeneous distri-
bution of the fillers into the polymeric matrix was observed
without agglomeration points in all nanocomposites, implying that
the miscibility between the synthetic talcs and the polymer matrix
is good. Uniform distribution of the fillers in the WPU matrix
played an important role in improving the mechanical perfor-
mance of the resulting nanocomposite films as discussed.7,14
AFM
Figure 6 shows the three-dimensional height AFM topographic
images and Table III shows the average roughness (Ra), root
mean square roughness (Rq), and maximum height roughness
(Rmax) for neat WPU and its nanocomposites measured by AFM
in tapping mode. In WPU matrix, dark regions are associated
with amorphous domains (soft segments) and bright regions are
associated with crystalline domains (hard segments).16 The results
of Ra, Rq, and Rmax demonstrates that with fillers addition the
surface roughness of the nanocomposites increased, indicating
the fillers influence on the surface morphology of the systems. As
seen in Figure 6, with the addition of fillers on the nanocompo-
sites the rugged domains come more prominent evidencing the
interactions between filler/polymer probably by hydrogen bond-
ing among fillers and hard segments of the WPU.6,11 This interac-
tions corroborates the mechanical properties improvements in
nanocomposites once compared to pristine WPU.
CONCLUSIONS
WPU nanocomposites were prepared by physical mixture in order
to obtain new environmental friendly materials with superior
mechanical properties. Synthetic talcs specific surface area influ-
enced the final WPU nanocomposites properties. XRD, TEM,
FESEM, and AFM analyses indicated that synthetic talc fillers are
well dispersed into the polymer matrix. Storage modulus and loss
modulus improvement proved the good fillers incorporation into
the WPU matrix. The compatibility of synthetic talcs in nano-gel
form with WPU is related to the interaction with water occurring
through hydrogen bonding. This interactions favor fillers disper-
sion within the WPU matrix. Yet, the distinct fillers synthesis con-
ditions resulting in different specific surface areas provides an
interesting platform to obtain WPU nanocomposites with a range
of possible mechanical and thermal properties. These newly
developed synthetic talc-WPU system can found potential appli-
cation niches in coatings and flexible films industry.
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ABSTRACT
Polyurethane (PU) nanocomposites filled with inorganic particles, aiming at the improvement of mechanical 
and thermal properties, are well known. Unlike previous work we describe here the combination of 
two fillers, synthetic talc (silico-metallic mineral particles-SSMMP) with distinct hydrothermal processes 
(SSMMP 7 h and 24 h) and organically-modified commercial clay (SPR), aiming towards development 
of new polyurethane ternary nanocomposites by in situ polymerisation. Fillers were added 3 wt.% of 
the mass of pristine polymer, with a ranging of weight proportions (75:25/25:75) of SSMMP and SPR. 
Results were compared to those for nanocomposites containing pure SSMMP and SPR fillers. Dispersion 
degrees and filler interactions with the polyurethane matrix were followed by FTIR, XRD, SEM, TEM 
and AFM techniques. Results showed that the fillers presented a good dispersion and were exfoliated/
well dispersed in the polyurethane matrix. Thermal and mechanical properties of nanocomposites were 
evaluated in comparison to the binary nanocomposites (PU/SSMMP 7 h, PU/SSMMP 24 h and PU/
SPR). All nanocomposites presented superior values of Young’s modulus to that of pristine PU. Results 
evidenced that the blend of SSMMP and SPR fillers is an interesting strategy to improve thermal and 
mechanical properties of nanocomposites.
Keywords: polyurethane; synthetic talc; ternary nanocomposites; organic clay; mechanical 
properties
1. INTRODUCTION
Polyurethanes are multifunctional polymers whose 
properties can be easily tailored by changing their 
molecular structures of ‘soft segment’ and ‘hard 
segment’. To improve polyurethane properties, a common 
method is to add inorganic particles to the polymer 
matrix. The high aspect ratio of reinforcing particles such 
as talc, mica, silica, clay and calcium carbonate is of 
great importance to further increase polymers thermo-
mechanical properties1. The best performance of 
polymeric nanocomposites is achieved when the silicate 
layers are well dispersed in the polymer matrix. Depending 
on the polymer’s degree of interaction with the layered 
silicate mineral particles, hybrids nanocomposites are 
obtained with structures ranging from intercalated to 
exfoliated2–4. Talc, a layered magnesium silicate mineral 
with ideal formula Mg3Si4O10(OH)2 is used as filler in 
composite materials to reduce their production costs, 
improve their physical and chemical properties, and/or to 
offer new functionalities5,6. Montmorillonite (MMT) is also 
a layered silicate, but its structure consists of octahedral 
sheet of alumina sandwiched between two external 
silica tetrahedrons. The specificity of MMT is due to the 
presence in the interlayer of hydrated cations. MMT is 
a swellable clay mineral7. Polymer/clay nanocomposites 
have become important due to their improvements in 
mechanical strength and stiffness, thermal stability and 
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gas barrier properties8–10. Layered silicates have often 
been described in the literature as fillers due to the 
availability of clay materials11. Natural talc ores consist in 
a mixture of several minerals, exhibiting some cationic 
substitutions12 and consequently are inhomogeneous 
in chemical structure, crystalline phase and size 
distribution13. Manufacture of synthetic talc with a well-
defined chemical composition and high purity, besides 
the possibility of the crystallinity, particle size and layer 
thickness control is a viable alternative. For example, 
by varying by a few tens of degrees the temperature of 
hydrothermal reaction, the average particle size can vary 
by several hundreds of nanometres14,15. The advantage 
of polymer nanocomposites is that the improvement in 
their properties can be achieved with a low percentage 
of layered silicates16. Several matrix polymers have been 
used to obtain polymer-layered silicate nanocomposites 
including polyurethane1–5,7,8,10,16–34, PMMA9, 
blends14,35–40, polypropylene41–43, polyamides44, 
polylactide45,46, polystyrene47 and EVA48. In previous 
studies, our group investigated the performance of 
PU/synthetic talc nanocomposites with different filler 
percentages. Best results were obtained when a 
loading of 3 wt.% was used21–23. To further improve 
the performance of nanocomposites, the use of filler 
mixtures has been described. Alavi et al. produced 
ternary nanocomposites of PP/talc/nanoclay resulting 
in materials showing a better filler dispersion and an 
increase in mechanical properties49. Aguilar et al. 
prepared PP-based nanocomposites with organically 
modified montmorillonite (oMMT) and different types 
of CaCO3 via melt blending. The resulting materials 
presented enhanced dispersion and better mechanical 
and thermal properties50. Kodal et al. investigated the 
mechanical, thermal and morphological properties of PA6 
hybrid composites containing talc and wollastonite51. 
Garmabi et al. produced HDPE/nanoclay/nano CaCO3 
nanocomposites evidencing that the co-incorporation 
of this fillers improved nanocomposites’ mechanical 
properties52. 
In this work, new polyurethane based nanocomposites 
were obtained by in situ polymerisation by mixing 
synthetic silico-metallic mineral particles produced by 
different hydrothermal treatments; SSMMP 24 h/205°C 
(SSMMP 24 h) and SSMMP 7 h/315°C (SSMMP 7 h) 
and SPR clay in different weight proportions (75:25 and 
25:75) of fillers (3 wt.% regarding the mass of pristine 
polyurethane) were obtained. 
2. EXPERIMENTAL
2.1 Materials
Polycaprolactone diol (PCL) MM: 2000 g/mol by 
Aldrich, hexamethylene diisocyanate (HDI) by Merck; 
dibutyltin dilaurate (DBTDL) by Miracema-Nuodex Ind. 
and methyl ethyl ketone (MEK) by Merck were used as 
received. Magnesium acetate tetrahydrate (CH3COO)2 
Mg.4H2O), sodium metasilicate pentahydrate 
(Na2SiO3.5H2O), sodium acetate trihydrate 
(CH3COONa.3H2O) and acetic acid were used for 
the syntheses of SSMMP powders (24 h/205°C and 
7 h/ 315°C). All reagents were purchased from Aldrich 
and used without any further purification6. Samples 
were prepared as described elsewhere53. Organically 
modified commercial clay Rheotix SPR was donated by 
Nokxeller. Fillers were added in a percentage of 3 wt% 
relative to the pristine polymer without any treatments. 
Proportions of 75:25/25:75 of synthetic talc and SPR 
clay respectively, were used.
2.2 Hybrid Nanocomposites Obtained  
by in situ Polymerisation
The dispersion of SSMMP and SPR clay (in the desired 
proportions) was carried out in ultrasound bath (40 kHz) 
for 60 min, utilising methyl ethyl ketone as solvent. 
A glass reactor of 500 mL equipped with five inputs 
was used to perform the reactions. Mechanical stirring, 
thermocouple (to maintain the temperature at 40°C), 
reflux system and an addition funnel were connected 
to the reaction system. The reaction occurred in one 
step. Polycaprolactone diol (PCL) MM: 2000 g/mol, 
hexamethylene diisocyanate (HDI) (molar ratio between 
PCL and HDI = 1.1:1), DBTDL as catalyst (0.1% 
regarding the mass of reagents) and methyl ethyl 
ketone (MEK) as solvent (@100 mL) as well as the fillers 
were added to the reactor. First, PCL was heated to 
melt with MEK. After that, a mixture of SSMMP/SPR (in 
the desired proportions) and the catalyst (DBTDL) were 
placed in the reactor. HDI was placed slowly, at the 
end of its addition the reaction started and was kept 
under reflux for 2 h and 30 min in an inert atmosphere 
(N2). Lastly, films with @ 0.1 mm of thickness were 
produced by casting and dried at room temperature. 
2.3 Testing and Characterisation
2.3.1 X-ray Diffraction (XRD)
Fillers in a form of powder and hybrid nanocomposites 
in the form of films were analysed by X-ray diffraction 
(XRD) recorded on a Shimadzu XRD-7000 diffractometer 
with CuKa Bragg-Brentano geometry q-q radiations, 
between 5 and 80 degrees with a step size of 0.02 
degrees, current of 40 kV and voltage of 30 mA. 
2.3.2 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was 
used to determine the morphology and dispersion 
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degree of hybrid nanocomposites. Samples of the 
hybrid nanocomposites in the form of films were 
cryomicrotomed and samples of the fillers were 
dispersed in water to obtain TEM images, utilising 
the equipment Tecnai G2 T20 FEI operating at 200 kV. 
2.3.3 Fourier Transfer-infrared (FTIR) 
Spectroscopy
Fourier transform infrared spectroscopy (FTIR-Perkin 
Elmer FTIR spectrometer model Spectrum 100) 
was used to reveal the structural properties of fillers 
(powders) and hybrid nanocomposites (films), scanned 
from 650–4000 cm-1 utilising a UATR accessory.
2.3.4 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis were performed to 
ascertain the thermal decomposition of pristine PU 
and hybrid nanocomposites in a SDT equipment (TA 
Instruments Model Q600), tests were carried out in a 
temperature range from 25°C to 800°C with a heating 
rate of 20°C min-1 under constant N2 flow, utilising 
pristine PU and hybrid nanocomposites films and 
performed in triplicate.
2.3.5 Differential Scanning Calorimetry (DSC)
Melting temperature (Tm) and crystallisation temperature 
(Tc) of pristine PU and hybrid nanocomposites films 
were obtained by Differential Scanning Calorimetry 
(DSC) (TA Instruments model Q20 equipment). The 
tests were carried out under N2 in a temperature range 
from -90°C to 200°C with a heating/cooling rate of 
10°C min-1, in two heating cycles.
2.3.6 Dynamic Mechanical Analysis (DMA)
Tensile tests (stress/strain) of pristine PU and hybrid 
nanocomposites were performed in DMTA equipment 
(TA Instruments Model Q800); tests were carried 
out at 25°C with rectangular shape films (thickness 
~0.10 mm, length 12 mm, width ~7.0 mm) at 1 N min-1. 
ASTMD638 was used to determine the Young moduli 
of samples. Analyses were carried out in triplicate until 
the rupture of samples.
2.3.7 Field Emission Scanning Electron 
Microscopy (FESEM) 
Field emission scanning electron microscopy (FESEM) 
analyses were performed in FEI Inspect F50 equipment 
in secondary electrons (SE) mode and used for 
assessment of filler distributions in the polymer matrix. 
The samples (films) were placed in a stub and covered 
with a thin gold layer.
2.3.8 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) was used to 
collect roughness data of pristine PU and hybrid 
nanocomposites. The cryomicrotomed samples were 
used to obtain the data. Analyses were performed 
in tapping mode to construct phase/height contrast 
images at different locations on the top surface of the 
samples using a Bruker Dimension Icon PT equipped 
with a TAP150A probe (Bruker, resonance frequency of 
150 kHz and 5 N m-1 spring constant). The equipment 
was calibrated prior sample measurements. Scanned 
area of the images was 5 ´ 5 µm2 with a resolution of 
512 frames per area.
3. RESULTS AND DISCUSSIONS
3.1 X-ray Diffraction Analysis (XRD) 
Crystalline structure of fillers (SSMMP 7 h and SPR clay) 
and hybrid nanocomposites were evaluated by XRD 
(Figure 1). The XRD pattern for SSMMP 7 h (Figure 1g) 
presents low intensity enlarged peaks meaning 
synthetic talc are formed by coherent domains with a 
small number of layers14,22,23; evidencing that crystal 
sizes of synthetic talc are smaller than those of natural 
talc which present well-defined and intense peaks in 
the XRD spectrum6,22,23. 
The diffractograms of fillers and hybrid nanocomposites 
indicated that the peak associated with the fillers 
(2q @ 20°) disappeared in the nanocomposites 
diffractograms, indicating a good dispersion of the 
fillers and suggesting that silicate layers are exfoliated 
within the polymeric chains33. Baniasadi et al. described 
the same behaviour for PP/clay nanocomposites 
synthesised by in situ polymerisation41. Garmabi 
et al. noticed that for HDPE/nanoclay/nano CaCO3, 
the intensity of ternary nanocomposites X-ray peaks 
were reduced, indicating intercalated/exfoliated 
morphology52. Likewise the diffraction peak associated 
with the polyurethane crystalline phase decreases 
for the hybrid nanocomposites indicating that the 
filler is well dispersed into the polymer matrix due to 
the interaction filler–polymeric chain24,25. It can be 
highlighted that even with two fillers mixed into the 
polyurethane matrix, a good dispersion was obtained, 
presumably due to the fillers hydroxyl groups interacting 
with the polyurethane chains21,24,25.
3.2 Transmission Electron Microscopy (TEM)
From TEM images (Figure 2 and Figure 3), it can 
be seen that for all systems individual particles and 
some local aggregates are present. TEM images also 
demonstrated that the combination of fillers did not 
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Figure 1. X-ray diffractogram patterns (a) PU, (b) PU/SSMMP 7 h+SPR 3% 25:75, (c) PU/SSMMP 7 h+SPR 3% 
75:25, (d) PU/SPR 3%, (e) PU/SSMMP 7 h 3%, (f) SPR clay and (g) SSMMP 7 h
Figure 2. TEM micrographs of (a) SPR clay, (b) SSMMP 7 h, (c) SSMMP 24 h, (d) PU/SPR 3%, (e) PU/SSMMP 7 h 3% 
and (f) PU/SSMMP 24 h 3%
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negatively affect their good dispersion. Dark entities 
indicate the cross-section of intercalated or stacked 
clay layers; these stacked silicate layers are due to 
agglomeration. The bright fields in TEM micrograph 
represent the matrix4,45,48. 
As seen in TEM micrographs (Figure 2 D-F and 
Figure 3), some intercalated structures can be seen 
along with exfoliated ones. Yet, XRD results indicated 
the presence of exfoliated morphology, probably 
related to the fact that the total number of intercalated 
structures, was too insignificant to provide a prominent 
peak in XRD diffractogram10. Figure 2 and Figure 3 
prove that the layers are arranged parallel and well 
dispersed in the polyurethane matrix probably reflecting 
in the thermal and mechanical properties7. 
3.3 Fourier Transform Infrared 
Spectroscopy (FTIR)
FTIR was performed to evaluate the structure of hybrid 
nanocomposites, the fillers (SSMMPs and SPR clay) and 
the neat PU, as seen in Figure 4-I. Bands assignments 
of SSMMPs and SPR clay were fulfilled regarding the 
characteristic vibrational modes described in literature. 
In the spectrum of SPR clay (Figure 4-Ig), it can 
be seen that clay particles produced characteristic 
bands associated with stretching vibration of Si—O in 
Si—O—Si groups of tetrahedral sheet around 1000 cm−1 
and small bands at 915 and 800 cm-1 assigned to 
Si—O stretching and Al—Al—OH and Al—Mg—OH 
(present on the edges of the clay platelets) hydroxyl 
bending vibrations. The absorption band at 3626 cm-1 
is assigned to stretching vibrations of Al—OH and the 
hydrogen-bonded water bending band at 1633 cm−1. 
Bands at 2930 and 2858 cm−1 were due to the 
asymmetric and symmetric –CH stretching vibrations 
related to the alkylammonium group, at 1460 cm-1 
for C-H bending, and around 753 cm-1 the symmetric 
Si—O—Si stretching mode is observed4,19,54. 
In the spectrum of neat SSMMP 7 h (Figure 4-If), the 
Mg3OH band appears at 3679 cm
-1 and the bands 
around 3400 cm-1 and 1629 cm-1 are related to 
Figure 3. TEM micrographs of (a) PU/SSMMP7h+SPR 3% 75:25, (b) PU/SSMMP 7 h+SPR 3% 25:75, (c) PU/SSMMP 
24 h+SPR 3% 75:25 and (d) PU/SSMMP 24 h+SPR 3% 25:75
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the (Mg2) O—H stretching
12. At 1000 and 990 cm-1, 
stretching vibrations of Si—O—Si appeared12,22,23,55,56. 
For neat PU, hybrid nanocomposites PU/SSMMP 7 
h+SPR 75:25 3%, PU/SSMMP 7 h+SPR 25:75 3% 
and the nanocomposites PU/SSMMP 7 h 3% and 
PU/SPR 3% (Figure 4-Ia-e), the band at 3396 cm-1 
corresponds to the urethane bonds (NH). Bands at 
2946 and 2862 cm-1 are related to CH2 vibrational 
modes. The C O band of the urethane bonds appears 
at 1725 cm-1. Bands around 1536 cm-1 represent the 
CN and NH bonds of the urethane groups. CO—O 
group bands at 1243 and 1172 cm-1, and the band 
at 730 cm-1 corresponds to other vibrational modes of 
the CH2 group
20–25,33. In Figure 4-II, the augmentation 
of the band around 3400 cm-1 for the nanocomposites 
indicates that available hydroxyl groups of fillers 
are interacting with N-H urethane bonds of the 
polyurethane chains20–25. In Figure 4-III, the FTIR 
spectra of the nanocomposites present a new band 
near 1000 cm-1, that can be associated with Si—O 
and Si—O—Si bonds stretching vibrational modes of 
the fillers, attesting that the fillers are incorporated into 
the polyurethane matrix, as noticed by our group in 
previous studies22–25.
3.4 Thermogravimetric Analysis (TGA)
An increase on onset temperatures of hybrid 
nanocomposites with filler addition (Figure 5) was 
evidenced. Neat PU presented the lowest degradation 
temperature (302°C). The presence of blended 
fillers improved thermal stability of the hybrids 
(PU/SSMMP 7 h+SPR clay @ 336°C and PU/ 
SSMMP 24 h+SPR clay @ 337°C). It can be highlight 
that the nanocomposites with SSMMPs presented 
higher values of degradation temperature22,23 
compared to the nanocomposite with SPR clay (PU/
SSMMP 7 h, 340°C; PU/SSMMP 24 h, 337°C and 
PU/SPR, 326°C). This behaviour can be associated 
with filler dispersion into the polyurethane matrix. PU/
SSMMP nanocomposites are better exfoliated22,23 
than PU/SPR nanocomposite, corroborating with 
TEM discussions. Also, SSMMPs even at lower 
concentrations appears to be more important when 
thermal properties are evidenced.
Observing DTG curves (%/°C) (Figure 6), an 
augmentation of the second peak is noticed in samples 
with SSMMP and SSMMP+SPR clay. In the SPR clay 
Figure 4. FTIR spectra of (a) PU pure, (b) PU/SSMMP 7 h+SPR 3% 25:75, (c) PU/SSMMP 7 h+SPR 3% 75:25,  
(d) PU/SSMMP 7 h 3%, (e) PU/SPR 3%, (f) SSMMP 7 h and (g) SPR clay in different wavenumber I (4000–650 cm-1),  
II (3600–3200 cm-1) and III (1100–900 cm-1)
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Figure 6. DTGA curves (%/°C) versus temperature of the pristine PU and the hybrid nanocomposites
Figure 5. TGA curves for the pristine PU and the hybrid nanocomposites
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sample, this behaviour was not observed. The hydroxyl 
groups of SSMMP can form a network structure with 
polyurethane chains as described in literature22,23,44 
and be responsible for the appearing of the second 
peak on DTG curves (Figure 6). 
As described elsewhere thermal stability of pristine 
PU is improved by the presence of clay-layered 
crystals, which form a maze or ‘tortuous path’ in the 
PU matrix10. The incorporation of clay into the polymer 
matrix enhanced thermal stability by acting as a 
superior insulator and mass transport barrier to volatile 
products. These results can be attributed to dispersion 
and barrier effects of the clay layers against oxygen 
diffusion through the matrix26,31,32,41,45. 
3.5 Differential Scanning Calorimetry (DSC) 
Table 1 presents the crystallisation temperatures (Tc) 
of hybrid nanocomposites. Tc temperatures of hybrid 
nanocomposites slightly changed once compared 
to neat PU, suggesting that the nucleating effect 
of the combined fillers is less important than when 
they are not blended. When fillers are combined 
the exfoliated structures restrict the movement of the 
polymeric chains retarding the crystallisation of the 
matrix57. For samples obtained with SSMMP (7 h and 
24 h) and SPR clay an increase in the crystallisation 
temperatures values were observed. This behaviour 
is well known when talc and clay are added as fillers, 
and it is frequently reported that plate-like fillers are 
good nucleating agents because of their high aspect 
ratios22,24,41,42,45. For melting temperatures values the 
same behaviour was observed. 
3.6 Dynamic Mechanical Analysis (DMA)
Stress–strain results are seen in Figure 7. All hybrid 
nanocomposites with SSMMP 7 h/24 h/SPR clay 
samples presented greater values of stress to small 
deformations when compared to PU. Fillers addition 
made the materials more rigid, most likely because the 
fillers (SSMMPs and SPR clay) and the polyurethane 
matrix formed crosslinks resulting from hydrogen 
bonding, as seen in FTIR20–25. 
Figure 8 exhibits the Young’s modulus for neat 
polyurethane and hybrid nanocomposites. Young’s 
modulus values presented a significant augmentation, 
suggesting that the materials stiffness at lower stress 
was affected as usual by fillers incorporation. The 
nanocomposite filled with SPR clay presented the 
higher value (366 MPa). The nanocomposite filled 
with SSMMP 7 h+SPR clay 25:75 presented a larger 
value for Young’s modulus of 238 MPa, while the 
pristine PU presented 92 MPa (Figure 8). SSMMPs 
seem to influence directly mechanical behaviour 
of hybrids. But Young’s Modulus augmentation 
is more pronounced when SPR clay is added. 
Young’s modulus augmentation is attributed to the 
reinforcement provided by the dispersed fillers with 
a large aspect ratio, which reduces the molecular 
mobility of polymer chains, consequently stiffening the 
material22,33. Garmabi et al. described that for HDPE/ 
nanoclay/nano CaCO3 systems the reinforcing effect 
of the nanoclay was superior to CaCO3, due to the 
nanoclay’s large aspect ratio52.
Therefore, the increase in the Young’s modulus can 
be associated with the interfacial interaction between 
silicate layers and polyurethane matrix17,29,43,45. The 
surface area and shape play an important role in 
these properties. Yousfi et al. also related a significant 
increase of 39.4% on the Young’s Modulus in PP/PA6 
blends filled with synthetic talc (1880 MPa for the PP/
PA6 blends and 2620 MPa with synthetic talc)14 and our 
group noticed a maximum increment to the sample PU/
synthetic Ni-talc 1 wt%, which presented an increase of 
5.7% when compared to pristine PU, and an increase 
Table 1. Results obtained by DSC analysis for the nanocomposites
Samples Tc (°C) Tm (°C) DHc (J/g) ΔHm (J/g)
PU 0.26 37.61 33.40 33.49
PU/SSMMP7 h+SPR 3% 75:25 1.49 37.34 30.91 31.52
PU/SSMMP7 h+SPR 3% 25:75 -0.56 37.34 28.25 29.32
PU/SSMMP24 h+SPR 3% 75:25 0.33 37.77 33.80 35.34
PU/SSMMP24 h+SPR 3% 25:75 -1.53 37.45 28.60 32.11
PU/SSMMP7 h 3% 6.31 40.24 39.85 39.40
PU/SSMMP24 h 3% 5.95 40.10 40.75 41.92
PU/SPR 3% 8.29 44.79 41.12 42.96
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Figure 7. Stress x Strain, by DMA, for the hybrid nanocomposites and pristine PU
Figure 8. Young’s modulus values for hybrid nanocomposites and pristine PU (a) PU Pure; (b) PU SSMMP 7 h+SPR 
3% 25:75; (c) PU SSMMP 7 h+SPR 3% 75:25; (d) PU SSMMP 24 h+SPR 3% 25:75, (e) PUSSMMP 24 h+SPR 3% 
75:25, (f) PU/SPR clay 3%, (g) PU/SSMMP 7 h 3% and PU/SSMMP 24 h 3%
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of 65% on the sample PU/SSMMP 7 h 3 wt%21,22. 
Therefore, when both fillers are placed together into 
the polyurethane matrix it is possible to obtain hybrid 
nanocomposites with superior mechanical properties. 
3.7 Field Emission Scanning Electron 
Microscopy (FESEM)
On the basis of the morphological study of the prepared 
hybrid materials, as seen in Figure 9, it can be noticed 
that the achieved dispersion of the fillers into the 
polyurethane matrix was uniform and homogeneous37. 
Defects and stress concentration sites are prevented 
without the formation of agglomerated particles22,35. 
Good filler dispersion generated a superior contact 
area between matrix/filler, switching molecular mobility 
and consequently thermo-mechanical properties of 
the matrix22,29. Figure 9 evidences that nucleation 
sites were formed in all hybrid nanocomposites; 
these morphological changes associated with a good 
dispersion of fillers and fillers-polymer interaction are 
probably promoting the different thermo-mechanical 
properties of hybrid nanocomposites22,24. 
Figure 10 shows SEM images of cryogenically fractured 
surface of pristine PU and hybrid nanocomposites. For 
pristine PU (Figure 10A), the appearance of grooves 
occurred randomly distributed on the cryo-fractured 
surface which looks more flat and smoother, presenting 
no important voids22,23. A different behaviour can be 
seen for the hybrid nanocomposites’ cryo-fractured 
surfaces (Figure 10B-H). Hybrid nanocomposites 
presented a rough cryo-fractured surface full of 
voids and cracks. Similar results were found for PU/
synthetic talcs, PLA/talc, PLA/clay and PLA blends 
composites23,38,39,46. An increase in the clay content 
modified the fracture profile, with an increase of the 
surface roughness, corroborating with mechanical 
properties results.
3.8 Atomic Force Microscopy (AFM)
A 3D height image of pristine PU and hybrid 
nanocomposites is shown in Figure 11. The hard 
segments appear bright due to their higher hardness, 
which resist penetration by the AFM probe tip. The 
soft segments appear with a darker contrast as they 
can be penetrated relatively easily by the AFM probe 
tip10. Addition of SSMMPs and SPR clay affected the 
morphology of this hard-soft segmental arrangement, 
especially when the interactions were on the nanoscale. 
With the addition of fillers, average roughness (Ra), root 
mean square roughness (Rq) and maximum height 
roughness (Rmax) had increased (Table 2). The higher 
values of these parameters comparing to pristine PU 
confirms the presence of filler particles on the surface, 
as reported in literature31. It can be seen from Figure 11 
that the layers of the fillers are well distributed both in 
soft and hard domain of the matrix. The presence of 
hydroxyl groups in both fillers seemed to significantly 
Figure 9. Micrographs, mode SE, of the materials at magnification of 5000x. (a) PU pure, (b) PU/SSMMP 7 h+SPR 
3% 75:25, (c) PU/SSMMP 7 h+SPR 3% 25:75, (d) PU/SSMMP 24 h+SPR 3% 75:25, (e) PU/SSMMP 24 h+SPR 3% 25:75,  
(f) PU/SSMMP 7 h 3%, (g) PU/SSMMP 24 h 3% and (h) PU/SPR 3%
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influence the interactions between its layers and 
polyurethane chains32.
4. CONCLUSIONS
Ternary nanocomposites were prepared by in situ 
polymerisation utilising SSMMPs and SPR clay as 
fillers, proving that it is possible to blend these fillers 
together. Structural analyses (XRD and FTIR) allied to 
morphological tests (TEM, SEM and AFM) demonstrated 
that the fillers are well dispersed/exfoliated into the 
polymeric matrix leading to nanocomposites PU/
SSMMP/SPR with superior thermal and mechanical 
properties. Using blended fillers into a polyurethane 
Figure 10. Micrographs from fractures, mode SE, of the materials at magnification of 5000x. (a) PU Pure,  
(b) PU/SSMMP 7 h+SPR 3% 75:25, (c) PU/SSMMP 7 h+SPR 3% 25:75, (d) PU/SSMMP 24 h+SPR 3% 75:25,  
(e) PU/SSMMP 24 h+SPR 3% 25:75, (f) PU/SSMMP 7 h 3%, (g) PU/SSMMP 24 h 3% and (h) PU/SPR 3%
Figure 11. AFM images (height) (a) PU, (b) PU/SSMMP 7 h+SPR 3% 75:25, (c) PU/SSMMP 7 h+SPR 3% 25:75,  
(d) PU/SSMMP 24 h+SPR 3 % 75:25, (e) PU/SSMMP 24 h+SPR 3% 25:75, (f) PU/SSMMP 7 h 3%, (g) PU/SSMMP 24 h 
3% and (h) PU/SPR 3%
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matrix results in materials that can perform functions 
that require high thermal and mechanical performance. 
These results corroborate previous studies showing 
that synthetic talcs are interesting to the development 
of materials with distinguished properties, and may 
also be combined with other fillers.
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A B S T R A C T
As a non-swelling clay, talc generally interacts very weakly with organic molecules. However, two new nano-
metric synthetic talcs that incorporate berberine chloride were successfully used as fluorescent fillers in clay
polyurethane nanocomposites obtained by the blending method. A micrometric natural talc filler was also used
for comparison. The clay polymer nanocomposites (CPN) were characterized by FTIR, molar mass analysis and
XRD. All talc fillers were well dispersed into the polyurethane matrix even at high filler content of 5 wt%, as
supported by TEM and SEM analyses. Morphological changes were confirmed by AFM. The optical properties of
the fluorescent talcs, dye-doped polymer and CPN were compared. While the dye-doped polymer suffered from
conventional fluorescence quenching due to dye aggregation, the emission quantum yield of the CPN was in-
creased with increasing the filler content. The best emission efficiency was observed for the CPN that contains
the smallest talc-berberine hybrid particles. The use of fluorescent synthetic talc resulted in materials with good
thermal and mechanical properties, and can be considered as a new method to produce fluorescent CPN in view
of multiple applications.
1. Introduction
Over the past fifteen years, the development of inorganic-filler
polymer nanocomposites has stimulated extensive research in both in-
dustry and academia (Hussain et al., 2006; Paul and Robeson, 2008).
The nature of nanofillers, their immobilization and the structuration of
the polymer matrix around them lead to strong changes in the physical
and chemical properties, and govern all possible applications. In this
context, clay polymer nanocomposites (CPN) are of special practical
and commercial significance, since their strength, fire retardation and
chemical stability are markedly enhanced with respect to conventional
polymers and polymer composites (Da Silva et al., 2013; Galimberti
et al., 2013; Gürses, 2015; Shunmugasamy et al., 2015; Taheri and
Sadeghi, 2015). They may also display additional specific properties, in
particular fluorescence, after introduction of appropriate organic
compounds (Aloisi et al., 2010; Esposito et al., 2010; Diaz et al., 2013;
Hao et al., 2014; Zhong et al., 2017). A smart way to ensure good
dispersion of the photoactive agent into the CPN is to modify the clay
filler by organic molecules before introduction into the polymer. To do
so, two strategies can be considered. The most popular one requires
synthesis efforts. It consists of covalently labeling the nanoclay with
various dye molecules, as reported for montmorillonite linked to
fluorescein, rhodamine and anthracene derivatives (Aloisi et al., 2010;
Esposito et al., 2010; Diaz et al., 2013). Although it would be easier to
implement, the non-covalent approach has seldom been used. For in-
stance, the characteristic property of swelling clays, i.e. the replace-
ment of interlayer inorganic cations by cationic organic molecules
(Suzuki et al., 2011; Bujdák et al., 2011; Felbeck et al., 2013; Ley et al.,
2015), has only recently been exploited to obtain a fluorescent CPN
(Zhong et al., 2017). Besides, the non-covalent approach has not been
extended to non-swelling clays, which do not contain inorganic charge-
exchange cations, probably because they are known to interact very
weakly with organic compounds.
The aim of the present work was to introduce fluorescence into CPN
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by using a non-swelling clay modified by a very simple and effective
process. The clay is expected to confer both mechanical and spectro-
scopic properties to the polymer. Talc polyurethane nanocomposites
were considered as the continuation of other works performed on this
type of materials (Dias et al., 2015; Dos Santos et al., 2015; Prado et al.,
2015). Polyurethanes (PU) are formed by hard and soft segment blocks
that can be tailored by varying their chemical composition to enable a
wide variety of applications such as coatings, foams, elastomers and
biomaterials (Li et al., 2012; Amela-Cortes et al., 2015). The addition of
talc particles decreases gas permeability, and improves corrosion re-
sistance (Kantheti et al., 2015). However, in this system, the use of
natural talc (NTlc) presents some disadvantages because talc particles
cannot be ground homogenously below one micron without losing their
structure and becoming amorphous (Dumas et al., 2013, 2015; Yousfi
et al., 2013; Dos Santos et al., 2015). In contrast, synthetic talc (STlc),
like the one developed in the team, has well-defined chemical compo-
sition, high purity, crystallinity, particle size and layer thickness con-
trol. Among numerous applications that have recently been reviewed
(Claverie et al., 2018), STlc has been used successfully as nanofiller in
CPN, in particular for the reinforcement of PU. The good compatibility
of organic and inorganic phases has been attributed to hydrogen
bonding interactions between the OH groups of the filler and the PU
chain (Dumas et al., 2013, 2015; Dias et al., 2015; Dos Santos et al.,
2015; Prado et al., 2015). Moreover, studies have shown that STlc has a
remarkable capacity to adsorb colored and fluorescent organic mole-
cules (Aymonier et al., 2017a,b). Berberine chloride (Fig. 1) was chosen
as the fluorescent dye to be incorporated into the talc particles. This
compound is emissive in organic phases (Díaz et al., 2009; Zhang et al.,
2014), constrained media (Megyesi and Biczók, 2006; Gade and
Sharma, 2014) and in the solid state (Soulié et al., 2016). Its fluores-
cence properties are closely dependent on the micro-environment and
provide useful information in this regard. The incorporation into
polymers has scarcely been investigated (Gade and Sharma, 2014).
Besides, berberine is a natural alkaloid of wide therapeutic interest, and
it can be used to mimic the behavior of drugs in systems designed for
biomedical applications (Soulié et al., 2015; Duval and Duplais, 2017).
Synthetic talc fillers were therefore synthesized, loaded with berberine,
and introduced into PU matrices. A comparison was made with NTlc.
Here, it is of significance to note that, for the sake of simplicity, all clay
polymer composites have been called “nanocomposites” and abbre-
viated CPN, even if the inorganic filler is of micrometric size. At each
stage, the compounds were characterized by various analytical
methods. Special attention was brought to homogeneity because the
simple dispersion of inorganic particles in a polymer matrix often leads
to phase segregation, which is an obstacle in the preparation of CPN
(Amela-Cortes et al., 2015). Present studies showed that modified STlc
fillers can be used as original platforms to produce fluorescent CPN.
This simple concept allows potential applications to be envisioned in
various fields: materials for optics, light-emitting devices, and con-
trolled released of drug molecules.
2. Materials and methods
2.1. Preparation
The PU synthesis was performed by reacting poly(caprolactone) diol
(PCL, MM=2000 g/mol, Sigma–Aldrich) and 1,6-hexamethylene dii-
socyanate (HDI, Merck) in a molar ratio of NCO/OH of 1:1. Dibutyl tin
dilaurate (DBTDL, Miracema-Nuodex Ind.) was used as catalyst (0.1%
w/w) and methyl ethyl ketone (MEK, P.A., Merck) as solvent (about
50mL). Commercial natural talc was obtained from IMERYS (Talc de
Luzenac). STlc was prepared as described elsewhere (Le Roux et al.,
2013). Fluorescent talcs were prepared by mixing an aqueous solution
of berberine (9,10-dimethoxy-2,3-methylenedioxy-5,6-dihydrodibenzo
[a,g] quinolizinium) chloride hydrate (Sigma Aldrich, 1 mg/mL) with
dry STlc or NTlc in a ratio of 0.6 mg berberine/1 g of talc. A volume of
100mL of water was added. The dispersions were then sonicated and
placed in an oven at 100 °C for 12 h.
To prepare dye-doped PU, berberine chloride (1.2× 10−4 g,
3.6× 10−4 g and 6.0×10−4 g) dissolved in 100mL of MEK was mixed
with 20 g of PU. To prepare the CPN, 20 g of PU were solubilized in
100mL of MEK, and then various talc filler contents were added (1 wt
%, 3 wt% and 5wt% in relation to pure PU). All dispersions were stirred
for 30min. After solvent evaporation at room temperature, the films
were prepared using a hydraulic press (1 Pa; 50 °C), resulting in a
thickness of approximately 0.10mm.
2.2. Characterizations
Fourier transform infrared (FTIR) spectroscopy was performed with
a Perkin Elmer FTIR spectrometer model Spectrum100. The nitrogen
adsorption–desorption isotherms were measured at 77 K using a volu-
metric method, with a Quantachrome Autosorb-1 apparatus. They were
recorded in the 0.05–0.30 relative pressure range, and high purity N2
was used. Samples were outgassed for 15 h at 120 °C under vacuum
before analysis. Specific surface areas were calculated using the
Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938). The
XRD patterns were recorded on a Shimadzu XRD-7000 diffractometer
using CuKα Bragg-Brentano geometry θ-θ radiations, operating be-
tween 5 and 80° with a step size of 0.02°, at 40 kV and 30mA. For
transmission electron microscopy (TEM), the samples were cryomicro-
tomed and analyzed in a Tecnai G2 T20 FEI apparatus operating at
200 kV. Size exclusion chromatography (SEC) was performed using a
liquid chromatograph equipped with an isocratic pump 1515 (eluent:
tetrahydrofuran (THF), flow: 1mL/min) and a refractive index detector
2414 from Waters Instruments with styragel column set at 45 °C. Dif-
ferential scanning calorimetry (DSC) was carried out using a TA In-
struments model Q20 equipment. Analyses were performed in two
heating cycles, under N2 in a temperature range from−90 °C to 200 °C
with a heating/cooling rate of 10 °Cmin−1. Thermogravimetric analysis
(TGA) was made using a DSC-TGA coupled (SDT) equipment (TA In-
struments Model Q600). Tests were carried out in a temperature range
from 25 °C to 800 °C with a heating rate of 20 °Cmin−1 under constant
N2 flow. The analyzed samples weighted between 15 and 20mg. Tensile
tests (stress/strain) were performed using a dynamic mechanical
thermal analysis in the static mode (DMTA) equipment (TA Instruments
Model Q800). Tests were carried out at 25 °C with rectangular shape
films (thickness ~ 0.15mm, length 12mm, width ~7.0mm) with a
force-ramp rate of 1 Nmin−1. The Young's moduli of the materials were
determined according to the standard test methods ASTM D638. The
field emission scanning electron microscopy (FESEM) analyses were
performed using a FEI Inspect F50 equipment in secondary electron
(SE) mode. The samples in the form of 200 μm thick films were placed
into a stub and covered with a thin gold layer. Atomic force microscopy
(AFM) was performed in tapping mode using a Bruker Dimension Icon
PT equipped with a TAP150A probe (Bruker, resonance frequency of
150 kHz and 5 Nm−1 spring constant). The equipment was calibrated
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Fig. 1. Chemical formula of berberine chloride and the polyurethane used in this work.
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prior to sample measurements. The scanned area of the images was
5× 5 μm2 with a resolution of 512 frames per area. Corrected photo-
luminescence spectra of all solid samples were obtained using a SAFAS
Xenius spectrofluorometer equipped with a BaSO4 integrating sphere.
The absolute photoluminescence quantum yield values (ΦPL) were de-
termined as described elsewhere (Soulié et al., 2016).
3. Results and discussion
3.1. Preparation of talc-berberine hybrids and CPN
Fluorescent STlc fillers were prepared via hydrothermal synthesis
according to a procedure patented by Le Roux et al. (2013). In a first
step, the talc precursor was formed by reacting sodium metasilicate
pentahydrate with magnesium acetate tetrahydrate in proportion that
fits the ratio Si/Mg=4/3, in the presence of a catalyst. The second step
turned the amorphous prototalc into well-crystallized nano-sized talc
gel by subjecting it to thermal treatment under high pressure for a
specified period of time. Two samples of STlc of formula
Si4Mg3O10(OH)2 were therefore obtained and fully characterized by
usual methods (Dumas et al., 2013). In sample STlc1, manufactured in
only 6 h, the particle size was between 100 and 300 nm, and the specific
surface area was 250m2 g−1. In sample STlc2, obtained via a 3-day
process, the particle size was between 100 and 2300 nm, and the spe-
cific surface area was 130m2 g−1. A commercially available natural talc
(NTlc) was used for comparison purposes. This high aspect ratio
(length/thickness ratio) sample presents a particle size larger than
50 μm and a specific surface area of 10m2 g−1. Crystallinity was as its
best for NTlc and comparatively weaker for STlc, for which it was in-
creased with the duration of the hydrothermal process (Dumas et al.,
2013).
The three talc samples were then placed in contact with an aqueous
solution of berberine chloride. The total amount of berberine in mod-
ified talc was 0.6mg (1.5× 10−6 mol) for 1 g talc. After evaporation of
water, the talc-berberine hybrids (STlc1-Ber, STlc2-Ber and NTlc-Ber)
were powders. Their morphological characteristics were unchanged
compared to the respective starting materials.
Clay polymer nanocomposites STlc1-Ber PU, STlc2-Ber PU and NTlc
-Ber PU were finally prepared by incorporating various amounts of talc-
berberine hybrids into PU dissolved in an organic solvent. After drying
and pressing, the resulting samples were films of homogeneous thick-
ness (0.10mm). The hybrid concentration in the polymer ranged from 1
to 5 wt%.
3.2. Fourier transform infrared (FTIR) spectroscopy
Due to the small amount of organic compound in the mineral ma-
trix, the characteristic peaks of berberine chloride (Fig. S1,
Supplementary materials) were not visible in the FTIR spectra of the
talc-berberine hybrids (Fig. 2). However, the FTIR spectra reflect the
nature of talc. The band around 3672 cm−1 arises from the Mg3OH
vibrations of STlc (Martin et al., 1999; Dos Santos et al., 2015; Dumas
et al., 2015). Its intensity increases in the order STlc1-Ber < STlc2-
Ber < NTlc-Ber because it is related to crystallinity (Dumas et al.,
2013). The bands around 3400 and 1550 cm−1 are related to the
MgeOH vibrations (Zhang et al., 2006), while that around
1000–900 cm−1 is characteristic of SieO and SieOeSi bonds (Martin
et al., 1999; Zhang et al., 2006; Dos Santos et al., 2015; Prado et al.,
2015). Fig. 2 also allows the comparison between PU and the CPN. In
the PU spectrum, the bands around 3385, 1724, and 1526 cm−1 cor-
respond respectively to the NH, C]O and CN groups of urethane bonds
(Dos Santos et al., 2015). The bands at 2940, 2866, and 732 cm−1 are
assigned to different vibrational modes of CH2 group (Da Silva et al.,
2013; Dias et al., 2015; Prado et al., 2015). The COeO bond can be
identified by bands at 1238 and 1162 cm−1. The clay polymer com-
posite spectra are characterized by bands around 1000 cm−1 related to
the SieO bonds. The fingerprint of each talc filler therefore appeared in
the FTIR spectra and this confirms incorporation.
3.3. Molar mass analysis
SEC was performed to obtain the number average and weight
average molar mass (Mn and Mw, respectively). The Mn values for PU
and CPN varied in the range of 190,000 Da to 219,000 Da, while the
Mw were in the range of 344,000 Da to 379,000 Da. These very small
variations showed that the incorporation of fillers into the polymer did
not affect the molecular structure of the PU chains.
3.4. X-ray diffraction (XRD) analysis and transmission electron microscopy
(TEM)
The crystalline structures were evaluated by XRD analysis (Fig. 3).
The fillers presented the most characteristic reflections associated to
natural talc (Yousfi et al., 2013; Dumas et al., 2015). However, the
reflections of STlc1-Ber were broader and less intense than those of
STlc2-Ber, which are themselves badly defined with respect to NTlc-
Ber. This indicates that the number of talc layers and the size of the
crystals were increased in the order STlc1-Ber < STlc2-Ber < NTlc-
Ber, as it is the case for the precursors without organic dye (Dumas
et al., 2013; Yousfi et al., 2013). The reflections of the hybrids were
clearly found in the CPN patterns, showing that the crystallinity of each
filler has been retained after incorporation into PU. Moreover, the ap-
pearance of new reflections in the XRD patterns of CPN evidenced that
the STlc layers are intercalated between the polymer chains as is as-
sumed to be the case when the CPN are not exfoliated (Ray and
Okamoto, 2003; Paul and Robeson, 2008). From TEM images (Fig. 3,
insets), it can be seen that the talc particles form elongated micro-do-
mains, whose good dispersion was achieved for all samples, even at
high concentration of filler. Similar morphological structures have been
observed for CPN made of PU (Dias et al., 2015; Dos Santos et al.,
2015), polypropylene (PP) and polyamide-6 (PA6) blends (Yousfi et al.,
2014; Hemlata and Maiti, 2015) filled with STlc. Exfoliated silicate
layers were also observed here in the TEM images for CPN obtained
with STlc, even at 5 wt% filler. This observation is in line with the
broadness of the XRD peak, which suggests a diversity of co-existing
structures and possibly the influence of a local disorder within the
crystallites (Morgan and Gilman, 2003). All these results highlight the
good compatibility of the fillers with the polymer matrix and this is
particularly significant because the CPN have been obtained by physical
mixture.
3.5. Field emission scanning electron microscopy (FESEM)
The FESEM images displayed in Fig. 4 allow the surface of pristine
PU and CPN to be visualized. Heterogeneities can be observed for all
STlc2-Ber PU samples and for STlc1-Ber PU at 5 wt% filler. In contrast,
NTlc-Ber PU had a very plain surface, comparable to that of pristine PU.
In any case, the talc fillers seem to be well dispersed in the PU matrix
and this suggests good interactions between these two components.
These interactions should affect the molecular mobility and conse-
quently the thermal and mechanical properties of the PU matrix (Zhou
et al., 2005; Pavličević et al., 2013). The uniform dispersion of the filler
should also prevent the formation of defects in the materials.
3.6. Atomic force microscopy (AFM)
AFM allows a more detailed analysis of the surface. The high values
of the roughness parameters (Table S1) obtained for CPN with respect
to PU confirm the presence of the fillers at the sample surface (Maji and
Bhowmick, 2012). No obvious differences were found between CPN
containing STlc and NTlc. Fig. 5 displays the 3D height images of pure
PU and CPN. Hard segments are represented by the brightest regions
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and soft segments appear dark, according to the resistance that they
present to penetration by the AFM probe tip (Anandhan and Lee, 2014).
It can be seen that the fillers are well distributed both in soft and hard
domains of the PU matrix. Again, this good dispersion can be attributed
to the hydroxyl groups of the fillers that significantly leverage the in-
teractions with polymer (Verma et al., 2013).
It is noteworthy that the hard segments of PU and CPN with low
content of fillers (1 wt%) (Fig. 5 A, B, E and H) show some connectivity,
the bright regions being associated to one another. This behavior could
be explained by some hydrogen bonding between hard/hard segments.
In the presence of large filler contents, the polymer/filler and filler/
filler interactions become more important than interactions between
hard/hard and hard/soft segments (Fig. 5 D, G and J). In this case, the
hard and soft segments reorganize, and their miscibility is increased
due to the formation of new hydrogen bonds between the fillers and
polymeric chains (Dos Santos et al., 2015).
3.7. Spectroscopic properties
3.7.1. Talc-berberine hybrids
During the preparation of the hybrids, the instant interaction be-
tween talc and berberine was visualized by a drastic change in the
shape and intensity of the absorption spectrum, and the appearance of a
strong fluorescence signal at 538 nm, while the berberine cation alone
is virtually not emissive in water (Díaz et al., 2009) (Fig. 6). Since no
cation-exchange interaction can take place in talc, this interaction is
assumed to be adsorption at the talc surface, as will be thoroughly
described in a forthcoming article.
After drying, the hybrids NTlc-Ber and STlc2-Ber were pale yellow
powders, while STlc1-Ber was bright yellow. All of them were emissive
in the yellow-green when illuminated by a hand-held UV lamp, and the
emission intensity was particularly intense for STlc1-Ber (Fig. 7). The
emission spectra showed a strong unresolved band at around 547 nm
(Fig. S2). The photoluminescence quantum yield ΦPL of modified NTlc
was 0.02, comparable to that of the dye in the solid state (Soulié et al.,
2016) and in solution in organic solvents (Díaz et al., 2009). Most in-
terestingly, this value was markedly increased with passing from NTlc-
Ber to STlc2-Ber (ΦPL= 0.10) and then to STlc1-Ber (ΦPL= 0.23), and
to our knowledge, this high fluorescence efficiency is unprecedented for
berberine (Table S2). The berberine molecules are probably well dis-
persed at the surface of the talc particles in STlc1-Ber, while some ag-
gregation may occur in STlc2-Ber and even more in NTlc-Ber.
Fig. 2. I: Left: FTIR spectra of the three types of talc-berberine hybrids (i.e. STlc1-Ber, STlc2-Ber and NTlc -Ber, black dotted lines) and polyurethane (color solid lines) containing 0 wt%
(a), 1 wt% (b), 3 wt% (c) and 5 wt% (d) of the corresponding hybrid. Right: expansion of the 1000–900 cm−1 region.
G. Dias et al. Applied Clay Science 158 (2018) 37–45
40
3.7.2. Direct incorporation of berberine into PU
Before going any further, it is instructive to study the behavior of
berberine-doped PU (Ber PU samples). The polymer used in this work is
hydrophobic and very weakly polar (Fig. 1). It emits weakly in the blue
with a maximum around 504 nm, probably due to traces of aromatic
compounds. Solid samples of PU incorporating berberine chloride at
three different concentrations (6× 10−4, 1.8× 10−3 and 3×10−3 wt
%) were prepared. They were pale yellow and emitted yellow-green
fluorescence with a maximum at 547 nm (Fig. S3). This observation
suggests that the dye molecules interact with heteroatoms of PU be-
cause they emit at shorter wavelengths when dissolved in weakly polar
media (Díaz et al., 2009). The ΦPL value was between 0.03 and 0.04,
similar to organic solutions, indicating that the medium rigidity has
induced no fluorescence enhancement (Table S3). The fluorescence
intensity was increased with passing from the least concentrated sample
to the intermediate one, and then it was decreased again for the most
concentrated sample, probably due to dye stacking and formation of
aggregates. It is noteworthy that other samples heavily loaded with 1 to
5 wt% berberine had a pronounced yellow color, their fluorescence
Fig. 3. XRD patterns of the three types of talc-berberine hybrids (i.e. STlc1-Ber, STlc2-Ber
and NTlc-Ber, black dotted lines) and polyurethane (color solid lines) containing 0 wt%
(a), 1 wt% (b), 3 wt% (c) and 5 wt% (d) of the corresponding hybrid. Insets: TEM mi-
crographs of the CPN containing 5 wt% hybrid.
Fig. 4. FESEM Micrographs, mode SE, of the materials at magnification of 2000× (A) PU,
(B) STlc1-Ber PU 1 wt%, (C) STlc1-Ber PU 3 wt%, (D) STlc1-Ber PU 5 wt%, (E) STlc2-Ber
PU 1 wt%, (F) STlc2-Ber PU 3 wt%, (G) STlc2-Ber PU 5 wt%, (H) NTlc-Ber PU 1 wt%, (I)
NTlc-Ber PU 3 wt% and (J) NTlc-Ber PU 5 wt%.
Fig. 5. AFM images (height) (A) PU, (B) STlc1-Ber PU 1 wt%, (C) STlc1-Ber PU 3 wt% (D)
STlc1-Ber PU 5 wt%, (E) STlc2-Ber PU 1 wt%, (F) STlc2-Ber PU 3 wt%, (G) STlc2-Ber PU 5
wt%, (H) NTlc-Ber PU 1 wt%, (I) NTlc-Ber PU 3 wt% and (J) NTlc-Ber PU 5 wt%.
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spectra were red-shifted by about 10 nm and they were comparatively
much less emissive than the weakly concentrated samples (Fig. S3 and
Table S3), all this supporting the hypothesis of dye aggregation in the
polymer.
3.7.3. Spectroscopic properties of the CPN
The talc-berberine hybrids were very stable and almost no leaching
occurred in organic solvents like ethyl acetate. It may thus be assumed
that the dye molecules remain at the surface of the talc particles after
incorporation into PU. The resulting CPN were pale yellow films. When
illuminated by UV light, all of them were luminescent to the naked eye.
Due to the weak blue fluorescence of PU, the emitted color was varied
from blue-green for the CPN samples that contain a weak amount of
talc-berberine hybrid, to yellow-green for the most concentrated ones
(Fig. 8). In CPN incorporating 1, 3, and 5 wt% talc-berberine hybrid,
the dye concentration was 6×10−4, 1.8× 10−3 and 3.0× 10−3 wt%,
respectively, identical to the berberine-doped PU (Ber PU) samples
studied above. Since all samples were studied in the same experimental
conditions, they can be easily compared. The first observation is that no
CPN emits more efficiently than the best Ber PU sample and the cor-
responding talc-berberine hybrids (Table S4). In particular, the ex-
cellent fluorescence properties of the STlc hybrids were not retained
after incorporation into PU. This shows that the adsorption of the dye
molecules on the talc particles does not prevent fluorescence quenching
from PU. A second striking feature is that CPN incorporating STlc, and
especially STlc1-Ber PU, emitted more strongly than the one in-
corporating NTlc. Therefore, the talc morphological characteristics and
crystallinity influence the fluorescence emission intensity of the CPN.
Finally, it is noteworthy that fluorescence intensity was increased
with increasing the filler content. A similar observation has been re-
ported for pyrene-anchored ZnO PU nanocomposites (Kantheti et al.,
2015). Most remarkably, the ΦPL value was also increased with the filler
content. This behavior is the exact opposite of the self-quenching effect
that has been observed for the Ber PU samples. It was hoped that ad-
sorption on the talc surface would prevent aggregation of the dye
molecules, and the best case scenario was therefore that ΦPL remains
steady with increasing the filler concentration. But, the observed aug-
mentation of fluorescence efficiency was much beyond what could have
been expected. For example, the ΦPL value passed from 0.006 to 0.04
when the filler concentration was increased from 1 to 5 wt% in STlc1-
Ber PU. This phenomenon could be attributed to an increase of effective
excitation energy due to internal scattering or reflection of the light
beam within the CPN films (Lee et al., 2001). Most likely, a cooperative
effect is taking place here. The TEM pictures have shown the formation
of micro-domains resulting from the incorporation of the hybrids into
PU. In these agglomerates, the dye molecules may be protected from the
detrimental quenching effect of PU, and even more so as the hybrid
concentration is high, and this could explain the spectacular fluores-
cence revival.
3.8. Thermal properties
The thermal properties of the CPN compared to pristine PU are
presented in Table S5. The thermogravimetric analysis (TGA) showed a
significant increase in the onset temperatures for the STlc1-Ber PU and
NTlc-Ber PU samples. For example, this value passed from 321 °C for PU
to 343 °C for STlc1-Ber PU 5 wt%, and 342 °C for NTlc-Ber PU 5 wt%,
evidencing that the thermal resistance has been increased with addition
of the fillers. This behavior can be related to the filler dispersion in the
PU matrix and to the formation of a network structure between the
fillers and the polymeric chains (Balamurugan and Maiti, 2010). In-
deed, it was shown in previous works that the thermal stability of CPN
is improved by the use of synthetic talc, because the large amount of
hydroxyl groups present at the filler layer edges favors interactions with
PU (Dumas et al., 2013, 2015; Dias et al., 2015; Prado et al., 2015).
Curiously, a different behavior was noticed for all STlc2-Ber PU sam-
ples, the onset temperatures of which was lower than for pristine PU.
The huge particle size distribution (100–2300 nm) of these CPN is
probably detrimental to thermal stability.
The crystallization temperatures (Tc) of the CPN ranged between
−1.2 and −1.9 °C. They were quite close to pristine PU (−1.4 °C)
(Table S5), indicating that the synthetic talc fillers do not promote the
crystallization of PU and do not act as nucleating agents. Fiorentino
et al. (2015) have reported similar results for CPN made of PP and STlc.
The melting temperature values of the CPN ranged between 37.0 °C and
37.7 °C, very similar to PU (37.3 °C).
3.9. Mechanical testing (DMTA)
The static mechanical properties were investigated by DMTA
(Table 1 and Fig. S4). The stress at break did not present a significant
change for the CPN when compared to pristine PU, probably due to the
good dispersion and intercalation of the fillers in the polymeric chains.
In contrast, the stiffness of the CPN, quantified by Young's modulus, was
enhanced with respect to pure PU and depended markedly on the talc-
berberine hybrid concentration. This effect may be due to filler–po-
lymer interactions that are increased with the filler content, including
the crosslinks formed between the fillers and the polymer matrix
through hydrogen bonding (Da Silva et al., 2013; Dias et al., 2015; Dos
Santos et al., 2015; Prado et al., 2015). Interestingly, the three samples
investigated showed almost the same increase of Young's modulus. Si-
milar observations have been reported as regards incorporation of NTlc,
STlc and chemically modified STlc in PP, PA6 and PU (Castillo et al.,
2013; Yousfi et al., 2013; Dias et al., 2015; Prado et al., 2015). The
increase of Young's modulus has been associated with the orientation of
talc particles, the good dispersion of the fillers (Saha et al., 2013), and
the particle morphology (Castillo et al., 2013). In general, talcs with
Fig. 6. Absorption (dotted lines) and fluorescence emission spectra (solid lines) of ber-
berine chloride dissolved in water in the absence (blue lines) and in the presence (red
lines) of synthetic talc STlc1. Dye concentration: 8.7× 10−5 M for absorption and
8.7×10−6 M for emission. λex= 420 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Powder of STlc1-Ber hybrid observed (a) in natural light and (b) under illumi-
nation by a hand-held UV lamp (λex= 365 nm).
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high aspect ratio show a better stiffening effect than those with high
particle symmetry, such as macroscopic talcs (Castillo et al., 2013).
Here, the present results indicate that the close behavior of the three
samples is in line with their high aspect ratio and the fact that they all
form well-distributed micro-domains.
Finally, it might have been expected that filler-polymer interactions
restrict the movement of the polymer chains, resulting in a reduction in
the elastic behavior of the CPN when compared to pure polymer (Lapcik
et al., 2008; Zhang et al., 2011; Castillo et al., 2013). The creep-re-
covery tests showed that this was actually not the case, meaning that
the recovery properties of the CPN are maintained even with high
contents of fillers.
4. Conclusions
New fluorescent CPN, which incorporate natural and synthetic talcs
as fillers, have been obtained and characterized by various methods. It
was proposed that the Mg-OH groups situated on the edges of the talc
layers interact with the PU chains. Thanks to these interactions, the talc
particles were well dispersed into the PU matrix even at high filler
content, without addition of coupling agents or compatibilizers. The
onset temperatures were increased in the presence of STlc1 and NTlc
fillers with respect to pure PU, and the stiffness was increased for all the
CPN, whatever the nature of the talc filler.
In contrast, the talc characteristics played an important role on
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Fig. 8. Images of PU alone, PU loaded with three concentrations of berberine (Ber PU), and CPN STlc1-Ber PU, STlc2-Ber PU and NTlc-Ber PU loaded with 1, 3 and 5wt% talc-berberine
hybrid, under illumination by 365-nm UV light. Corresponding fluorescence spectra with λex= 420 nm. All spectra were recorded in the same experimental conditions and their height is
proportional to the fluorescence intensity.
Table 1
Mechanical properties of PU and CPN.
Samples Young's modulus (MPa) Strain at break (%) Stress at break (MPa) Creep recovery (%)
PU 81 ± 5 90 ± 9 6 ± 0.4 90 ± 1
STlc1-Ber PU 1 wt% 81 ± 15 88 ± 16 5 ± 0.5 87 ± 1
STlc1-Ber PU 3 wt% 94 ± 11 125 ± 30 7 ± 0.3 85 ± 1
STlc1-Ber PU 5 wt% 96 ± 13 98 ± 31 6 ± 0.6 84 ± 3
STlc2-Ber PU 1 wr% 77 ± 6 92 ± 29 6 ± 0.5 87 ± 1
STlc2-Ber PU 3 wt% 86 ± 13 101 ± 33 6 ± 1.5 85 ± 7
STlc2-Ber PU 5 wt% 95 ± 10 104 ± 28 6 ± 0.4 87 ± 1
NTlc-Ber PU 1 wt% 81 ± 18 102 ± 21 6 ± 0.8 89 ± 2
NTlc-Ber PU 3 wt% 88 ± 9 99 ± 7 6 ± 0.3 89 ± 3
NTlc-Ber PU 5 wt% 97 ± 6 89 ± 32 6 ± 0.6 87 ± 3
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the luminescence properties of the CPN. The STlc1 hybrid, where the
talc particles are the smallest, brought strongest fluorescence. The
originality of our CPN is that the fluorescent agent is molecularly dis-
persed at the surface of the talc filler, and so the ubiquitous aggrega-
tion-caused quenching effect was circumvented, contrary to what is
observed in the dye-doped polymer. Berberine is not the best fluor-
escent probe, but the results obtained suggest that the concept can be
easily applied to other fluorescent or electroluminescent dyes, thus
opening new routes towards highly emissive materials also endowed
with good thermal and mechanical properties. It must be emphasized
that silicates polymer-layered nanocomposites are promising in the
field of light-emitting devices (Lee et al., 2001), but are still in their
infancy, and the incorporation of dye-loaded talc filler could be a dis-
tinct advantage. Finally, the strong adsorption of berberine on the talc
filler suggests that many biologically-active molecules that are badly
soluble in water should behave similarly. This method could be of great
value for the controlled released of these molecules and would deserve
further investigations.
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